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ENGINEERING  ANC  DESIGN 

DESIGN'  OF  UNDFRCnOUNiJ  iNSTA'  LATIONS  iN  HuCK 
TUNNELS  AND  LIMNGS 

UTiTOnUCTION 

2-01  RTRPCSK  AND  SCOPE.  Tbla  mitnii*l  1b  one  of  a  series  issued  for  the 
guidance  of  eiigineers  In  the  declga  of  underground  installations  in  rock. 

It  is  applicable  to  all  eleinents  of  the  Corps  of  Bogineeis  -ho  may  be  con- 
cemtd  vith  the  design  and  couatructlon  of  underground  militury  installa¬ 
tions.  Criteria  are  presented  herein,  and  in  th“  related  manuals  of  this 
series,  relative  to  the  protection  against  weapons  : f  modern  warfare 
afforded  by  underground  installations  In  rock.  The  physical  and  economic 
factors  involved  in  new  construction  or  the  conditioning  of  existing  mines 
for  storage  purposes  and  occupancy  are  discussed,  (iuldelrnes  have  been  in¬ 
cluded  relative  to  devlcos  and  acaaures  that  should  be  taken  to  meet  pro¬ 
tective  requireamots. 

2-02  RETEREHCES.  Manuala  -  Corpa  of  Englnears  •  Biglneering  and  Design, 
containing  InteiTalated  aubjact  mattar  are  Hated  as  follows: 

DESIGN  Cr  I  DERCROtMD  INSTALUTIONS  IN  ROCK 

Di  l.llO-3l»3-^31  Genaral  Planning  Considerations 
94  1110-3^5-^3^  Tunnels  and  Linings 
EM  1110-3l»5-V33  Space  layouts  and  Etccavatlcn  Methods 
94  1110-3l»5-^3^  Psoetration  and  Explosioa  Effects  (CONFIDENTIAL) 

94  I110-3U5-I»35  Protective  Features  and  Ctl.llties 

a.  References  to  Material  in  Other  Manuals  of  This  terlee.  I.,  the 
text  of  tnla  manual  references  aie  made  to  paragraphs,  figures,  equations, 
and  tables  in  the  other  manuals  of  this  sorle:  lu  accordance  with  the 
number  daslgcatlons  as  they  appear  in  theue  manuals.  The  flret  part  of  the 
designation  which  precedes  either  a  dash,  or  a  (?c-lmal  lo’nt,  Identiil  ■:  a 

particular  manual  In  the  serlec  as  siiown  In  the  table  lo'-lowing.  < 
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1110  345-431  1-  1.  (1.  )  1. 

1110-345-432  2-  2.  (2.  )  2. 

mo-345-433  3-  3.  b-  )  3. 

1110-345-434  4-  4.  O'*.  )  4. 

lUO-345-435  5-  5.  (5.  )  5. 

b.  Bibliography.  A  blbllograpl"'  Is  given  at  the  end  of  e»ch  m-aaiiai 
In  Che  series.  Items  In  the  bibllc^rapiiy  are  referenced  in  the  text  by 
numbers  Inclosed  In  brackets. 

c.  List  of  Symbols.  Definitions  of  the  symbols  used  throughout  this 


c.  List  of  Symbols.  Definitions  of  the  symbols  used  throughout  this 
canual  are  given  In  a  list  followin''  the  table  of  contents. 

2-03  RESCISSIONS.  This  manual  Is  a  reissue  of  material  contained  in  an 
Engineering  ManusJ,  on  Dcfai^u  of  Uj.dergrcund  Installations  in  Rock  (13  chap¬ 
ters),  dated  March  1951,  prepared  for  the  Corps  of  Engineers,  U.  S.  Army, 
by  Bureau  of  Mines,  U.  S.  Department  of  Interior. 

2-04  MANUAL  PREPARATION.  The  manuals  of  this  series  were  developed 
through  collaboration  of  a  number  of  organlzstlous.  The  Corps  of  Engineers, 
U.  S.  Anqy,  Initiated  the  work  and  outlined  the  scope  of  the  manual.  Data 
from  the  underground  explosion  test  program,  underground  site  surveys,  and 
infomatlon  gr.lned  In  the  Fort  Ritchie  project  and  other  constructlcn  were 
furnished  to  the  Bureau  of  Mines,  Department  of  the  Interior,  who  assumed 
the  responsibility  of  compiling  the  manuals.  They,  in  turn,  contracted  tor 
preparation  of  certain  material  by  organizations  havlr.g  special  competence 
in  the  various  fields  covered.  The  work  of  preparation  was  as  follows; 

EM  1110-345-431  General  Planning  Considerations.  E^pared  by 
Missouri  School  of  Mines  and  Bureau  of  Mlo^s, 

U.  S.  Department  of  Interior. 

EM  1110-345-432  Tunnels  and  Linings,  f'^eparad  by  the  Bureau  •* 

Mines,  U.  3.  Department  of  Interior;  and  the 
Rensselaer  Polytechnic  Institute. 

EM  11,10-345-433  Space  Layouts  and  .,.cavu*lon  Methods.  Prei)axe<i  by 
E.  J.  Longyear  Ccaapany,  Minneapolis,  Hlnnesota. 

£M  lliO-345-434  Panetratlon  and  Explostou  Kr'rects  {C0NFn)£N''”'AL).. 
Englnssr  Research  Associntes. 

EM  1110-345-435  Protective  Features  and  l*t11it*c<.  Prepared  by 

Lehigh  oiilversity:  liureau  of  Mines,  U.  S.  Department 
of  Interior;  and  the  Corps  of  *vigineers,  U.  3.  Axmy 
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2-05  GEIJLiiAL.  All  undergrc  nd  rcjK,  as  a  result  of  nature,  is  in  a  state 
of  stress,  and  any  opening  created  in  'his  rock  produces  additional 
stresses  In  the  rock  s'orrounding  the  opening,  l/hether  or  'lot  t*'e  openint 
is  stable  depends  upon  the  strength  c’  the  rc”"’  in  situ  ana  the  nisgniaude 
of  stresses  around  the  opening.  Before  decignirjig  underground  installations 
for  protection  against  bornblnj  it  is  first  necessary  to  design  ucdci'esround 
openings  which  are  stable  under  the  static  stresses  in  the  aurrc’xndlng 
rock.  In  this  manual  paragraphs  2-06  through  2-29  consider  the  design  of 
underground  openirig  for  static  stability  only,  and  the  design  problems 
considered  are  restricted  to  thone  rock  tj'pes  which  are  capable  cf  sustain¬ 
ing  openings  without  support.  Lined  structures  which  are  capable  of  sus¬ 
taining  both  static  dynamic  forces  with  the  use  of  artificial  support 
such  as  linings,  roof  bolts,  sets,  etc.,  are  discussed  In  paragraphs  P-30 
through  2-50. 

Mine  design  has  been  based  generally  upon  experience  and  trial-and- 
error  methods.  In  recent  years  a  more  quantitative  approach  V'  mine  design 
problems,  based  upon  stress  theory,  has  been  ueed  with  connlderable  suc¬ 
cess.  The  factors  that  limit  this  quantitative  approach  ait  the  irregu¬ 
larity  of  the  boundaries  of  the  openings,  the  complexity  of  the  system  of 
openings,  the  heterogeneity  of  the  ro«;k,  a  lack  of  Knowledge  of  the 
strength  of  the  in-sltu  rock,  and  a  lack  of  knowledge  cf  the  state  oi 
stress  In  the  rock  prior  to  mining.  However,  by  mai'-ing  reasonable  asauat- 
tions,  approximate  solutions  to  various  mine  design  problems  have  been  ob¬ 
tained.  iiumerous  investigators  during  the  last  frenty  years  h>ave  contrib¬ 
uted  to  the  development  of  the  quantitative  approach  to  mine  design  prob¬ 
lems.  Examples  of  the  type  of  problems  considered  and  the  solutions  ob¬ 
tained  by  many  of  these  investigators  can  be  found  in  references  [1,  2,  j, 
4,  5,  10,  l6,  19,  2Z,  2’i,  23]  given  in  the  bibliography  at  toe  end  of  this 
manual.  These  references  cover  most  of  the  design  problems  considered  In 
tne  manual. 

The  Applied  Ihy'sics  Laboratory,  Bureau  of  Mines,  U.  3-  Lepai'tmbnt  of 
the  Interior,  has  been  active  in  the  field  of  undergreund  mine  deslijn  fe  • 
many  years  and  has  had  opportunitier  io  apply  quantitative  methodb  to  mire 
structure  problems.  Theoretical  mine  designs  tue  checked  in  tht>  field  by 
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experlxaentAl  rcozu  technlquea,  r.B  a«ecribed  In  reference  [15]*  Th®  mine 
design  methods  presented  in  this  manual  have  been  used  in  practice  at  one 
time  or  euiother,  and  found  to  give  reasonable  results. 


ASSUMPTIONS  US£D  IN  TliTlNKL  DESIGN 

2-06  NECESSITY  FOR  ASSl'MPTIONS  AND  SAFETf  FACTORS.  Because  the  problem  of 
designing  safe  and  stable  underground  installable -=■  1«  complicated  by  many 
factors,  simplifying  assumptions  regarding  the  openlngp,.  rock  properties, 
state  of  stress,  and  criteria  of  failure,  are  necessary.  Those  assumed 
conditions  are  only  approximated  by  openings  in  rock;  therefore,  large 
safety  factors  In  all  design  equations  are  required. 

2-07  ASSUMPTIONS  REGARDING  OPENINGS.  The  opening  or  system  of  openings  is 
assumed  to  be  In  an  Infinite  medium— a  condition  that  Is  Justified  when  the 
distance  between  the  system  of  openings  and  tlie  exterior  boundary  of  the 
medium  Is  greater  than  three  times  the  size  of  the  openings. 

The  openings  are  assumed  to  be  simple  geometric  shapes,  tiiat  is, 
openings  having  nearly  equal  dimensions,  such  as  stopes,  are  represented  by 
spheres  or  oblate  and  prolate  spheroids.  The  cross-sectional  shapes  of 
adits,  drifts,  shafts,  tunnels,  crosscuts,  etc.,  which  are  long  compared  to 
their  cross-sectional  dimensions,  are  represented  by  circles,  ellipses, 
ovalolds,  and  rectangles  with  round-'sd  comers. 

2-00  ASSUMPTIONS  REGARDING  THE  ROCK  FORMATIONS.  To  simplify  design  prob¬ 
lems,  three  general  types  of  mediums  are  considered  which  arc  designated 
as  follows:  (1)  isotropic,  homogeneous,  (2)  horizontal  bedded,  and 
(3}  Inclined  bedded  fozmatlons.  In  all  three  of  the  above  tj^es  of  _  ^rma- 
tlons,  the  rock  Is  assumed  to  be  relatively  free  from  mechanical  defects 
such  as  open  .lolntlng,  fractures,  etc.  W.i^n  auoh  defects  exist,  theiv 
effect  on  the  stability  of  the  opening  can  be  estimated  onl>'  by  experi¬ 
mental  mining,  trial -and-error  methods  of  minli'ig,  and  ffom  previov., 
experience . 

a.  Isotropic,  Homogeneous.  Many  rock  formations  have  relatively 
uniform  physical  propeirties  over  large  areas  and  In  ril  directions;  t';ere- 
forrt,  they  approach  tlio  coua.;.tlons  of  an  Isotropic,  nomogeneous  medium. 


2-08b 


EM  Ili0-jl^5-v32 
1  Jan  6l 


axamples  are  maoslve  In’-ruaivea  such  as  granite  or  dlorite.,  massl’/e 
extruslvBc  such  as  basalt  or  rliyollte,  some  massive  metamorrblc  rocks,  and 
thick  bedded  sedimentary  fomiatlons.  For  tlie  latter  group  the  bed  thick¬ 
ness  must  be  large  compared  to  the  shorter  dimeuL'tons  of  the  opening  and 
the  bedding  planes  must  be  parallel  to  the  length  of  the  opening.  For 
these  formations,  the  stresses  arounn  openings  may  be  estimated  by  elastic 
theory. 

b.  Horizontal  Bedded.  Horizontal  bedded  <'ormatioiiB  may  be  any  of 
the  stratified  sedimentary  rocks  ^rtiere  the  bed  thicknesses  are  small  com¬ 
pared  to  the  shorter  cross-sectional  dimension  of  the  openings,  the  bedding 
pltia.es  ere  parallel  to  the  length  of  the  openings,  and  the  dip  is  less  than 
10  percent.  These  types  of  formations  form  several  thin  beds  of  rock  over- 
lying  the  opening  and  the  stresses  developed  in  thece  overlying  beds  can  be 
estimated  by  beam  or  plate  theory. 

!  I  u.  lucllued  Bedded.  Inclined  bedded  formations  are  similar  to  the 
horizontal  bedded  formation  except  that  the  dip  of  the  beds  is  greater  than 
10  percent. 

2-39  ASSUMPTIONS  REGARDIX  THE  STATS  OF  STRESS  PRIOR  TO  EXCAVATION.  The 
vertical  stress  on  a  unit  horizontal  section  through  a  mass  of  rock  is 
equal  to  the  weight  of  rock  above  this  section,  that  Is 


(2.1) 


irtiere 


Sy  ■  vertical  applied  stress 
p  ■  density  of  rock 
y  >  vertical  distance  from  surface 
“nie  horizontal  stress  on  a  vertical  section  through  a  mass  of  r‘)Ck 
may  vary  over  wide  limits  depending  upon  the  geologic  history  of  the  rock 
and  the  proximity  of  free  vertical  boundaries.  In  an  undisturbed  mass  of 
rock  the  horisontal  stress  at  ajiy  given  point  xs  probably  ^ons^  ■^^rably  less 
than  tliS  vertical  stress.  The  horizontal  stress  resulting  from  vertical 
J-oading  and  horizontal  confinement,  is  related  to  the  vertical  stress  ar. 
Poisson's  rat  lo  (16]. 
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where 


Sjj  =  horizontal  applied  atreos 
=  vertical  applied  stress 
h 
M 


“  S 

++  V- 


MS.. 


(2.2) 


Poinson's  ratio  of  tne  rooic 


For  Poisson 'a  ratio  of  l/4,  the  vtilue  of  M  is  1/3*  In  a  mass  of  rock 
v.hich  lias  been  disturbed  by  geologic  forces,  the  horizontal  stress  depends 
primarily  upon  those  forces  which  produce  the  dlsturb€uice.  If  these  forces 
have  dlsapnearcd,  the  hcri/oabal  atress  In  the  rock  may  approach  that  of 
undisturbed  rock,  whereas,  If  the  geologic  forces  are  still  active,  the 
horizontal  stresses  may  exceed  the  vertical  stress  and  approach  the  com¬ 
pressive  strength  of  the  rock. 

Three  tj-pes  of  stress  fields  will  be  considered  in  this  manual, 
lliese  are  represented  graphically  in  figure  2.1  and  are  given  algebraically 

by  equations  (2.1)  and  (2.2) 
where  the  value  of  M  is  0, 
1/3,  or  1.  The  state  of 
stress  represented  by  M  «  0 
woi’id  be  expected  to  occur 
at  shallow  depths  near  ver¬ 
tical  free  surfaces.  !nie 
state  of  stress  represented 
by  M  ■  1/3  would  be  ex¬ 
pected  to  occur  in  undie- 
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UaMitMliMI 

Figura  2.1.  Thrtt  atsurntd  typ»*  of  fiotdo 

turbed  rock  over  vide  ranges  of  depth,  and  that  represented  by  i:  >  1  couli 
occur  at  great  depth  or  in  folded  areas,  'itiese  three  types  of  stress 
field*  are  also  assumed  to  be  uniform  both  along  end  around  the  opening. 

The  height  of  the  opening  is  assumed  small  ccsipared  to  the  depth  below  the 
surface  so  that  variations  of  stress  field  with  depth  in  th*  vicinity 
of  the  opening  can  be  neglected.  This  Inst  assumption  has  been  shown 
to  be  valid  In  a  gravity  itress  field  when  the  depth  oelov  the  surface 
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iB  gr«ater  uhan  three  times  the  height  o/  the  opening  (l6]. 

2-10  ASSUMHriOtlS  RBGARDINO  E'AILURE:.  The  criterion  of  faUrje  assumed  for 
design  purposes  in  this  Is  Vased  on  maximum  stress  theory;  that  is, 

the  rock  vlll  fall  in  tension  when  the  tensile  stress  exceeds  the  tensile 
strength  of  the  rock  as  determined  by  a  simple  flexure  test  on  a  sumple.  of 
the  rock.  If  the  tensile  stress  in  the  rock  is  small,  the  rock  will  fail 
in  shear  at  a  value  of  compressive  stress  eq,ual  to  the  compressive  strength 
of  the  rook  as  detezmined  by  a  simple  compression  test  on  a  sample  of  the 
rook. 

2-11  HTfSICAL  PROPERTIES.  Designing  undergroun.!  openings  prior  to  mining 
presupposes  that  scmples  of  the  rock  (usually  in  the  form  of  drill  core) 
are  available  for  inspection  and  physical  property  determinations.  Inspec¬ 
tion  of  drill  core  or  the  photographing  of  the  Interior  of  drill  holes 
determines  the  rock  type  and  tne  presence  of  mechanical  defects,  both  of 
which  should  be  mapped  for  the  area  by  using  core  from  several  holes. 
Standard  physical  property  tests  [lo]  snould  be  made  on  core  from  all  drill 
holes  for  each  rock  type  encountered.  These  data  should  l.e  summarized  by 
rock  type  giving  average  values  and  tne  normal  spread  in  tne  data.  Tlie 
most  Important  physical  propeirties  for  design  purposes  are  density.  Young's 
modulus,  compressive  strength,  and  flexural  strength.  A  tabulation  of  the 
physical  properties  for  some  200  different  rock  types  from  various  mining 
properties  throughout  the  country  can  be  found  in  references  [273  and  [28]. 
2-12  SAFETTY  factors.  The  vide  variety  of  assumptions  necessary  for 
achieving  solutions  to  design  of  underground  installations  requires  tne  use 
of  a  liberal  factor  of  safety  in  design  equations.  Experience  has  shown 
that  safety  factors  of  four  or  more  are  on  the  conservative  nde  arid  are 
sufficient  to  allow  for  most  Indetezmlnate  variables  in  mine  ’  ign  prob¬ 
lems.  Therefore,  the  following  safety  factors  are  recommended:  fur 
pillars  and  sidewalls  a  safety  factor  of  should  be  used,  and  for  roof 
slabs  and  arches  a  safety  factor  between  U  and  8  should  be  used.  Where 
condition:  are  such  that  safety  factors  of  this  order  of  mag'  '  tudo  caniot 
be  ubed,  it  is  recommended  that  various  instrumentation  techniques  bo  used 
to  aid  In  the  detection  or  failure.  For  example,  the  micrcsel tnnlc  ^et.  .xi 
of  predlctin*^  rock  failure  [17]  or  extensometer^  measuring’'  roof 
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^586  [15]  should  be  employed  during  the  ea»"iy  developuent  steges  of  mining; 
to  check  the  accuracy  of  the  design  methods. 

HOMOGENEOUS  AI.D  ISOTROPIC  fORMAflOHS 


2-13  GENERAL  CONSIDETATIONS.  The  na,jor  problem  of  designing  safe  and 
stable  underground  openings  In  macrivc  homogeneous.  Isotropic  rock  forma¬ 
tions  la  one  of  determlnlr^  t}ie  maxliaum  stresses  developed  In  the  vicinity 
of  the  openings.  These  ma-xlmum  stresses,  known  as  critical  stressee,  must 
be  of  smaller  magnitude  than  the  ultimate  strength  of  the  rock  If  the  open¬ 
ing  ■!?:  to  be  stable  €md  open  without  the  use  of  artificial  support. 

The  maximum  stresses  developed  in  the  vicinity  of  openings  In  iiumogeneous 
isotropic  formations  are  a  function  of  opening  Shape  but  are  indeper.lent  of 
opening  size.  However,  Infinitely  large  openings  cauuiot  be  made  in  any 
rock  formation  because  of  the  presence  of  mechanical  defects.  Therefore, 
the  ultl^te  safe  size  of  cuiy  opening  Is  limited  by  the  structixal  defects 
found  In  the  rock.  Since  these  defects  cannot  be  evaluated  accurately 
until  the  opening  is  formed,  only  experimental  mining  techniques  a*  d  prior 
experience  can  be  used  to  determine  maximum  safe  sizes  for  openings  In 
houTgeneous  Isotropic  formations. 

For  design  purposes,  underground  openings  are  classified  Into  three 
general  types:  single,  multiple,  and  interconnected.  The  determination  of 
stresses  around  single  openings  Is  the  simplest  and  is  discussed  first. 
Stress  determinations  around  systems  of  multiple  openings  separated  by  rlu 
pillars  have  been  made  both  analytically  and  photoelaatlcaUy  and  ore  dis¬ 
cussed  second.  No  theoretical  or  experimental  work  on  stress  determina¬ 
tions  around  systems  of  Interconnected  openings  has  been  done;  tlorefore, 
this  problem  Is  discussed  only  briefly. 

Stress  concentrations  around  oblate  spheroidal-shaped  cavities  haw 
been  found  to  be  lower  (approximately  30  percent)  than  those  for  infinitely 
long  openlrga  having  the  same  eroaa  section  [2^].  Thus,  for  d>*algn  pur¬ 
poses,  only  openings  that  are  long  compared  to  their  cross  section  are 
considered.  In  addition.  If  the  stress  distribution  axong  the  length  of 
the  opening  Is  aesuaed  co  bt.  uniform  and  Independent  of  the  length,  tlte 

8 


‘  fr  ^  ' 


iM  1110-3i<5-'+32 
1  Jan  6l 


problem  cf  letermlnlng  stress  distrlbi'tion  reduces  to  one  of  plane  strain 


and  may  be  solved  as  a  hole  in  a  wide  nlate  subjected  i-o  a  two -directional 
stress  field  In  the  plane  of  the  plate. 

2-l4  SINGLZ  OPETflrGS.  a.  Cirgii^c  ‘’’unnels.  The  stresses  Induced  around 
a  circular  holo  Infinitely  far  from  the  bouridarlas  of  a  plate  subjected  to 
a  uniform  two-dlrectlonal  stress  field  nre  given  by  [2fa]: 


(2.3) 


cos  29 


sin  29 


(2.4) 


(2.5) 


where 


0^  «  radial  stress 
Oq  •  tangential  stress 

T.  •  shear  stresr 

TV 

a  ■  hole  radius 

r  ■  radial  distance  from  center  of  hole 

9  m  polar  coordinate.  Horizontal  axis  represents  5  ■  0 
>  vertical  i^ppllec  stress 
-  MS^  a  horizontal  spiled  stress 

It  Is  evident  from  the  above  relations  that  tne  vtresses  eure  concen¬ 
trated  near  the  boundary  of  the  opening.  Independent  of  the  modulus  of 
elasticity  of  the  material,  and  Independent  of  the  size  of  tl..>  ..ole,  wh-*  :' 
enters  only  In  the  dimensionless  ratio  (a/r). 

For  convenience,  stresses  In  the  viclalty  of  an  openlng  aro  usually 
expressed  as  a  multiple  of  the  average  stress  existing  outside  the  zone  of 
disturbance,  cosmunly  termed  the  stress  concentration. 

Stress  concertratlons  along  the  major  axis  at  finite  distancet  fj*'A 
a  circular  opening  in  a  mildlrectlonvl  stress  field,  M  «  0  ,  ha<'e  Vee 
calculated  from  equations  (2.3),  (2.U),  and  (2.1.),  and  are  sh'.'vr.  in 
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figure  ^-2.  Since  the  atrceses  on  or 
near  the  free  boundary  detr  -Tulne  whether 
or  not  the  opening  will  fall^  boundary 
atreeaee  are  considered  critical.  Fig¬ 
ure  2.2  shows  that  tangential  stiresbo^ 
are  'j.  waxlimun  at  the  boundary  while 
radial  stresses  are  zero.  The  muTrtmiim 
shear  stress  aiao  occurs  at  the  bcundary 


Figure  2.2.  Stresa  eoueenuatiou  along 
axes  of  aymmeUy  for  circular  tunnel, 
uaidirectional  itrcis  field 


and  equals  one-half  the  tangential 
stress.  For  other  shaped  openings  maxl- 
nun  stresses  also  occur  at  the  boundary; 
hence  only  boundary  tangential  stresses 
are  considered  critical. 

Figure  2.3  shows  the  tangential 
stress  distribution  around  the  bouridary 
of  a  circular  opening  for  the  three 
types  of  stresa  fields,  M  <■  O)  , 

M  -  1/3  ,  and  M  -  1  . 

b.  Elliptical  Tunnels.  The  parsaetric  equations 


F igure  2.  ?.  tJoundary  aUeaa  eoneeniration 
for  cireular  tunnela 


X  ■  p  cos  P;  y  »  q  sin  p  (2.6) 

define  an  elliptical  opening.  Ilie  boundary  tangential  stresses  for  an 
elliptical  opening  in  an  Infinitely  wide  place  subjected  to  s  unlfora 
two-dlructional  etreos  field  are  (61: 
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(S^  -  S,.)  i(p  +  n)^  Bln^  P  -  q^j  +  2pSy 

°t  ^  *-Tl  Ts  T'sT  2  ^ 

(p  -  q  )  sin  0  +  q 

where 

=  boundarj'  tangential  stress 
=  applied  stress  in  '*  direction,  horizontal 
3y  =  applied  stress  in  y  direction,  vertical 
p,  q  ■  parameters  tor  ellipse 
0  >  angle 

X,  y  »  rectangular  ccordl'.etes 

Kqoatlon  (2.7)  has  been  used  to  calculate  the  boundaiy  stresses 
around  ellipses  for  four  width -to -height  ratios  (W/H  ■  0.25»  W/H  =>  0.3t 
w/h  «  2.0,  w/h  -  4.0)  and  three  types  of 

applied  stress  fields  (M  «  0,  M  «  l/3,  and  ^  '  ■  '  * 

M  ■  1).  The  results  of  these  calculations 
are  shown  in  figure  2.U, 


For  the  unidirectional  stress  field 
the  maximum  stress  concentration  at  the 
end  of  the  horizontal  axis  increases  as 
the  wldth-to-belght  ratio  increases, 
whereas  the  stress  concentration  at  the 
top  and  bottoa  of  the  openl'  i  reaaiis 
constant  at  a  value  of  minus  one,  signi¬ 
fying  tension  when  the  applied  stress  is 
coeipression.  For  the  two-directionsil 
stress  field  (M  ■  l/3)  the  boundary 
stress  concentration  at  the  end  of  the 
horizontal  axis  increases  with  increase 
in  width-to-height  ratio,  and  the  stress 
concentration  at  tha  end  of  the  vertical 
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Fifitr*  2.4.  Boundary  ttra»»  eoneentration 
(or  •llifUcei  utnmalt 


axis  changes  from  large  positive  values  to  small  negative  values.  Th^  liy- 
drostatlc  stress  field  pro*ucc^  mcximiLT  ntreeses  on  the  horizontal  a^tie  I’or 
vldtn-to-height  ratios  greater  than  one,  and  on  thu  vertical  axlr  for 
wldth-to-helg'it  r-tlos  leas  than  one. 


11 


LM  1110-3^5 >432 
1  Jan  6l 


2-14c 


0.  Ovaloldal  I>annelB.  An  exant  301ut.''on  has  been  ofctalred  for  the 
stress  distribution  around  an  opening  in  an  Infinitely  wide  plate  subjected 
to  a  two-directional  stress  field,  where  the  shape  of  the  openiu^;  Is  given 
by  the  following  parametric  equations: 

X  »  p  cos  0  T  r  003  3P»  y  =  q.  oin  P  -  r  ain  3P  (2.3) 

3y  selecting  proper  values  for  p  ,  q  ,  and  r  ,  ...iious  shaped  openings 
•on  be  obtained.  The  boundary  stresses  for  these  openi.;g8  are  given  by  f6J 

((p^  +  6rq)  ein^  3  +  (q^  +  -:-p)  coa“  0  -  or  (p  +  q)  cos^  20  +  9r^] 

»  (S^  +  Sy)  (p"  Bln^  0  +  q^  cos^  6  -  9r^) 

(P^  -  q^)  (S^  .  S,  )  -  (p  .  q)^  (S  -  S J 

- \  /q  ■  o;  - - i(p  -  3-->  “■>  » 


-  (q  -  3r)  cos'^  0l 


(2.9) 


where 


0  ■  tangential  boundary  stress 

>  applied  stress  in  x  direction,  horizontal 
Sy  =■  applied  stress  In  y  direction,  vjrtlcal 
p,  q,  r  »  parameters  for  opening  shape 
0  m  angle 

X,  y  «  rectangular  coordinates 


Using  the  values  of  p  ,  q  ,  and  r  given  In  table  2.1,  four 
fereirt  shaped  openings  resembling  ovaloids,  i.e.  rectangles  with  semicir¬ 
cular  ends,  were  constructed  from  equation  (2.3).  The  boundary  stres£>ea 
Table  2.1,  yaluet  of  Parameteri  for  .ipprnximnre  OvaloUe 


-0.1? 

-0.1 

-0.1 

-0.19 


Wldth-to-Height  Ratio 

P 

<1 

0.25 

1.19 

4.19 

OoC 

1.1 

2.1 

2.  J 

2.1 

1. 

U.C 

4.19 

1.19 
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around  these  ovaloidal  abai-.-s  virr  oalou- 
lated  from  equation  (2.9)  for  the  tliree 
types  of  strees  fields  and  the  results  are 
given  in  ilgure  2.5* 

The  maximun  boundary  stresses  arcund 
approximate  ovaloidal  openings  d*.  not  oc¬ 
cur  OR  the  axis  of  the  opening  M  in  the 
case  of  elliptical  openings,  but  are 
shifted  toward  the  Junction  of  the  semi¬ 
circular  end  and  the  straight  sides. 
Otherwise,  the  boundary  stresses  au-o.>nd 
ovaloidal  openings  are  similar  to  those 
for  elliptical  openings. 

d.  Rectsingular  Tunnels.  The  tan¬ 
gential  atrena  distribution  arcund  a  rec¬ 
tangular  opening  with  rounded  comers  hf.8 


method  (4,  19].  Rounded,  i.e. 
filleted,  comers  were  used  to  avoid 
extremely  high  comer  stresso;'.  i'h-.' 
boundsLry  stresses  around  five  differ¬ 
ent  rectangles  with  constant  ratio  of 
fillet  radius  to  short  dimension  are 
Sdown  for  three  types  of  stress 
fields  in  figure  2.u. 

The  maximum  strees  concentre- 
tlon  occurs  at  the  comers  for  all 
caser.  For  M  ■  0  ,  'be  street 
concentration  increases  vlth  in¬ 
crease  of  W/H.  For  M  ->  1/3  or  1  ,  the  btrese  concentra;.iou  at  the  c  r.isrs 
Is  a  nlntmias  for  w/h  «  1.  When  M  ■  0  or  1/3  ,  there  is  a  tensile  stresj 
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been  studied  by  the  photoelastic 
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htnurt  2.6.  OoiMdary  tVfi*  fonccnlnMioe 
for  rtctMf^mlar  iiuiHtU  with  roundeJ  lornert. 
Ratio  of  filUt  radtu$  to  ihort  dirtrntioa  -  1/6 


Fifuri-  2.:>.  Hoandary  stress 
conceatratioa  for  ovaloidal  iiutuels 
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induc’d  la  the  roof,  but  in  the  hj-.tj8T.Rtlo  field,  M  =  1  ,  no  tenaile 
stresses  are  Induced. 

PESIGK  ?Rir<CIPLES.  SltCLE  OPENINGS,  a.  PlscusBion.  The  reaulte  of 
the  pjreceding  sections  are  sunmso^ized  into  a  set  of  .jiitical  stress  curves 
for  uae  in  designing  single  openings  in  homogeneous  IscTroplc  rock  forma¬ 
tions.  Figures  2.J,  a. 8,  2.9,  and  2. 1C  -bow  the  -/arlation  of  critical 
conpresolve  and  tensile  stresses  verous  w/h  for  elliptical,  ovaloldal,  and 
rectangular  openings  in  plates  for  the  three  types  of  spplled  etress 
fields.  Hie  curves  in  tliese  figures  are  used  to  estimate  the  critical 
stresses  for  various  shaped  openings  in  different  types  cf  stress  fields. 
Also,  the  following  set  of  design  principles  can  be  obtained  from  the 
above  data. 

b.  List  of  Principles,  (l)  If  subsurface  conditions  approximate 
those  of  the  unidirectional  stress  field  acting  vertically,  an  elliptical- 
shaped  opening  with  the  major  axis  vertical  gives  the  snallest  critical 
•tress.  fUrthemore ,  the  greater  the  ratio  of  major  to  minor  axis,  the 
lowsr  will  be  the  critical  stress.  However,  if  an  opening  is  rf.qulred 
whose  width -to -height  ratio  is  greater  than  unity,  either  an  ovalold  or  a 
rectangle  with  rounded  comers  is  a  better  choice  than  an  ellipse. 


Fiifurt  2.7,  Criiicat  comprtxnh"'  Fifur*  2.8.  Crilitui  1  vmpruktive  itrutt 

itrT$»  eonetnuation  for  tiMHeii  of  to-ctitUalioit  for  toniml*  of  ootiouo  crvtt 

vjriojo  cron  tt>  lionc,  iu,iiir«ctioiiat  tecUoin,  lwo-Jirr'fitjr.tl  tirot*  fioU. 

•irtts  fifW.  ■  s^,  -V.  r  ?  s*  -  '  '5  .9^ 
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•  0 


•  It#gi  ■t<4«l  «aM  (Mt(ll)) 

•  4tm  »M  H  I  ft 

•  «•(«  (%M  (*4U 

2.^.  Critical  compressive  stress 
coHcentraiioa  for  tuAsels  of  various  cross 
sectiosst  hydrostatic  stress  field,  •  5^ 


fft* 

•  •.«(••«  M*0 

•  M*0 

•  f€imps 

Fij^ure  2, 10,  Criticti  tensiU  Jf s  j  concetv- 
traUoh  fortiuutels  ofiorious  cross  seetioas, 
two  types  of  stress  f  ields,  V  ^  ,U  x  //,? 


(2)  Under  the  action  of  a  unidirectional  vertical  stress  field, 
there  Is  developed  In  the  rcof  a  stress  concentration  of  approximately  -1, 
I'.e.,  the  stress  in  the  roof  Is  in  tension  and  is  eq<ial  to  the  applied  Cixa* 
pressl'r,'  strecc.  Since  t*’.e  tensile  strength  o**  r,,r>,t  rock  is  unually 

low  compared  to  its  compressive  strength,  this  tension  may  be  critical. 

(3)  When  there  Is  a  tvo-dlrectlonal  stress  field,  and  M  equsLLs 
approximately  l/3,  an  elliptical  or  ovaloldai  opening  with  major  axis  ver¬ 
tical  Induces  lover  critical,  stresses  than  the  rectangle.  Moj'enver,  the 
critical  stress  becomes  a  minimum  when  the  ratio  of  major  to  minor  axl.; 
about  l/3-  If  the  ratio  of  width  to  height  of  the  openlnf  is  great  'r  than 
unity,  ovaloldai  or  rectangular  open:'ngs  induce  lover  critical  stresses 
than  ulliptlcal  openings. 

(1*)  In  a  two-dlrect tonal  stress  field  when  M  •  I/3  ,  roof  tensions 
are  induced  only  when  the  wldth-to-height  ratio  of  ttw  opening  Is  g.ei  ter 
t.ian  unity.  Although  tlie  tensile  s*^reBs  concentration  is  lowoi  at  ali. 
times  than  for  a  unidirectional  vertical  stresu  field,  the  magnitude  of 
the  stress  increases  with  Increase  cf  wldth-to-h«igbt  ratio,  and 
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iB  virtualXy  Independent  of  openl  Bliape. 

(5)  J'n  a  hydrostatic  atresa  flell,  the  preferred  openlr^  shape  la  a 
circle.  When  a  wldth-to -height  rrtlo  either  small  or  greater  than  unity  is 
desired,  an  ovaloid  vlU  Induce  lower  critical  strsiises  than  either  the 
ellipse  or  rectangle. 

(6)  In  a  hydrostatic  stress  fielu  no  teaslle  stresses  are  inducea 
for  any  of  the  opening  shapes. 

(7)  Sharp  comers  or  an  opening  in  ar.y  typr  cf  stress  field  will 
produce  high  stress  concentrations,  and  should  be  avoided. 

2-16  ILLL'STRATIVE  EXAMPLE.  SlfCLE  OPENING .  Determine  the  safety  factors 
that  eyiut  for  the  stresses  cu:ound  a  long  rectangular  opening  25  ft  wide 
and  10  ft  high  at  a  depth  of  900  ft  in  the  center  of  a  uniform  sandstone 
bed  70  ft  thick,  having  the  foi-lowlng  physical  properties: 

Compressive  strength  >  18,000  psi 
Modulus  of  ruptofe  »  1,600  psi 
Poisson's  ratio  »  0.25 
Rock  density  ■  O.O9  lb  per  cu  in. 

Roi'nded  comers  for  the  opening  will  be  assumed  since  routine  blast¬ 
ing  rarely  produces  sharp  corners.  The  stress  field  prior  to  mining  may  be 
assumed  to  result  only  from  the  weight  of  superincumbent  rock  and  lateral 
co<ifl(wment.  Therefore,  from  equations  (2.1)  and  (2.2): 

Vertical,  stress  =  3^  •  py  ■  0.09  X  900  x  12  ■  970  pel 

value  of  M  ^  M  -  3-^  -  r?^?25  “ 

Horizontal  stress  ■  Sjj  •  MS^  ■  1/3  X  970  ■  320  psi 

The  wldth-to-helght  ratio  for  the  rectangular  opening  Is  2.5;  therti-. 
from  figure  2.6  tli«  maximum  compressive  stress  concentration  in  the  side- 
walls  Is  4.4  and  from  figure  2.10  the  maAioium  tensile  stress  concentration 
In  the  roof  is  0.4.  Hence,  the  critical  stresses  on  the  boundary  are: 
Critical  compressive  stress  970  x  4.4  «  4300  psi 
Critical  tensile  stiess  ■  970  x  0.4  ■  390  pel 

The  safety  factors  are  tl.s.  ratio  of  ccxhpreoslve  strength  to  amlnvus 
ccuipresslvQ  stress,  and  the  ratio  of  modulus  of  ruptux-  1 1  imlw  t‘*ni  lie 
stress:  Thus 
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1,600 

390 


4.1 


Since  both  seifety  factors  exceed  4,  which  has  been  ‘■.aker  as  a  normal 
safety  factor,  the  opening  ahou3.d  be  stable  under  the  aseunied  operating 
conditions. 

2-17  MUUIPLE  OPENINGS  IN  HOMOCrNEOUS  AI.T)  ISOTROPIC  FOltMATIONS. 

a.  Stress  Distribution.  He  stress  distributions  around  systems  of 
parallel  openings  separated  by  rib  pillars  is  considerably  more  ccmiplicated 
than  for  a  single  opening.  Therefore,  this  problem  is  discussed  only 
briefly  and  the  design  methods  ore  based  upon  empirical  results  rather  than 
theoretical  equations.  The  boundary  stress  distribution  for  a  row  of 
equally  spaced  holes  of  equal  size  in  a  plate  subjected  to  a  unidirectional 
cofflpresnlve  stress  field  perpendicular  to  the  line  of  holes  has  been  deter¬ 
mined  analytically  for  circular  openings  [ll  ]  and  photoelastlcally  for 
circular,  ovaloidal,  and  rectangular  openings  [5,  I9].  Irrespective  of  the 
number  or  sliape  of  the  openings,  the  following  generalizations  regarding 
the  stress  distribution  around  the  system  of  openings  car  be  made.  First, 
the  maximum  boundsjry  canpressive  stresses  occur  on  the  sidewalls  of  thet 
openings,  that  is,  along  the  edge  of  the  pillars  between  the  openings.  For 
a  finite  number  of  openings  the  boundary  stress  concentration  is  greatest 
for  the  Inneimost  holes  and  approaches  the  maximum  value  of  the  stress  con¬ 
centration  for  an  infinite  number  of  openings.  iSecond,  the  boundar.i.  stresA 
at  the  top  and  bottom  of  the  openings  is  tension  and  is  approximately  equal 
in  magnitude  to  the  applied  compressive  stress.  However,  this  tensile 
stress  concentration  decreases  rapidly  with  applied  confining  pressures. 
Third,  the  pillar  stress  concentration  Increases  as  the  openlng-to-piUar 
width  ratio  increases,  but  the  stress  aistrlbutlon  tluough  i,t«s  pillar 
comes  more  uniform.  Thus,  when  the  pillar  width  is  small  conqared  t.o  the 
opening  width,  the  average  stress  in  the  pillar  is  nearly  equal  to  •che 
maximum  stress. 

Unidirectional  Stress  Field.  Hie  following  equation  has  been 
derived  from  experimental  data  [5] 
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where 

K  *  aiaxlmum  etresa  concentration  in  pillars 

C  *  maxlmma  stress  concentration  around  a  single  openirg 
for  uri directional  stress  field 

«  width  of  opening 

Wp  =  widtn  of  pillar 

Sy  use  of  equation  (2.10),  the  maximum  stress  concentration  in  rib  plilare 
for  a  aerleo  of  parallel  openings  can  be  computed  r^jm  the  ratio  of  opening 
width  to  pillar  width  and  the  maximum  stress  concentratlca  euround  a  single 

opening  of  the  same  shape.  Various  values  of 
C  for  use  In  equation  (2.10)  for  different 
shaped  openings  may  be  obtained  from  the 
curves  given  in  figure  2.7*  Equation  (2.10) 
has  been  evaluated  for  circles,  ovalolds,  and 
rectangles  and  the  corresponding  maximum 
stress  concentration  in  the  pillars  as  a 
function  of  opening  width  to  pillar  width  Is 
shown  in  figure  2.11  togetl.er  with  available 
experimental  data.  Also  shown  in  figure  2.11 
is  the  average  pillar  stiess  concentration 
a  function  of  openlng-to-plUar  width.  This 
aveioge  pillar  stress  is  obtained  by  assuming 
that  the  pillars  uniformly  support  the  entire 
load  of  the  overlying  rock. 

c.  TVo-Dlrectional  Stress  Fields. 
Analytical  studies  on  the  stress  distr......tion 

around  multiple  openings  for  tvo-directlonal 
applied  stress  fields  aurc  Inadequate  for  ol/talulng  design  criteria.  IIc-w* 
ever,  by  combining  the  results  for  single  openings  in  two^irectloaal 
stress  fields  with  these  for  multiple  openings  in  unidirectional  et.dss 
fields  an  approximate  design  method  can  be  obtained,  nius,  it  is  assumed 
that  equation  (2.10)  can  be  useu  for  two-'dlrectlonal  stress  fields  by 
simply  uslr<g  for  C  the  value  of  the  critical  stress  '‘oa..'entratlon  F.ccand 
a  elngle  opening  In  a  t  .o-di.  .^jtlonal  stress  field  (fioures  2.8  and  2.9) 


WHIM  •  tmm  Witm  nw 


t  t  HIHat  •.••■to 

•  •own  wn.  10 

•  OiHUiW  VW.  e.« 


Figure  2.11.  Critical  compressive 
stress  eoaceatratioH  for  multiple 
opeuiugs 
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instead  of  the  value  for  the  unidirectional  stress  fle‘'d. 

2-l0  ILLUSTRATIVE  EXAMPLE.  MULTIPLE  OPENING.  Determine  if  a  row  of  33-ft- 
dlameter  circulau'  tunnels  can  safely  be  spaced  on  60-it  centers  at  a  depth 
of  1000  !ft  in  a  homogeneous  isotropic  rock  for'tRtlon  having  the  following 
physical  properties: 

Density  =  O.C>5  lU  per  cu  in. 

Compressive  strength  =  15,000  psl 
Modulus  of  rupture  =  6oo  psi 
Poisson's  ratio  =  0.25 

A  lateral  confinlri«  pressure  is  assumed;  therefore,  the  applied  stress 
neld  is 

Sy  =  0.095  X  1000  X  12  =  1140  psi 

From  figure  2.S  the  critical  touuJaiy  cuupressive  stress  concentration  Is 
2.6?  for  a  circular  opening  and  from  figure  2.10  the  critical  tensile 
stress  is  zero;  therefore,  design  is  based  only  on  compresolve  stresses. 
Substituting  in  equation  (2.10)  gives 

K  -  2.67  +  0.09  ((1  t  1)^  -  1)  »  2.67  +  0.09  X  3  =■  2.9*^ 

A  stress  concentration  of  2  )k  gives  a  critical  stress  of 

2.9^*  X  U4o  -  3350  psl 

The  ratio  of  the  compressive  strength  to  critical  stress  is  the  safety 
factor,  thus 

tfjOOP  =  k.5 

Since  the  safety  factor  is  greater  than  U  the  above  system  of  openings 
should  be  a  safe  and  stable  Installation  in  the  absence  of  any  abncxvr'>l 
geological  defects.  I  | 

2-19  IWTERCCNNECTED  OPENINGS .  The  stress  distribution  for  syrfccas  of 
interconnected  oi  cnlne/.,  such  as  used  In  tox  a.  ^  pillar  methods  of  mlnliig, 
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has  not  been  studied  analytically.  The  assumed  basis  for  design  therefore 
is  cither  the  average  pillar  stress  err  the  mtiXlmum  boundr.ry  stress  for  a 
single  opening,  whichever  is  the  larger.  In  general,  average  pillar 
stresses  for  interconnected  openings  will  be  largei  Liinn  maximum  boiindaiy 
stresses  for  a  single  opening  when  the  mined  area  exceeds  75  percent,  that 
is,  when  the  opening -to -pi liar  width  re"  'o  is  greater  than  1  for  r^iuare 
pillars. 

Critical  or  maximum  boundary  stresses  for  various  shaped  single 
openings  have  already'  been  given.  The  method  for  designing  safe  pillar 
support  from  average  stresr  la  given  in  the  next  section. 

CFEWINGS  IK  HORIZONTAL  EEDDED  FORMATIONS 

2-20  GENERAL  C0MSIU17RATI0WS.  The  design  of  underground  openings  in  a 
horizontal  bedded  formation  can  be  divided  into  two  major  problems:  first, 
the  determination  of  safe  span  lengths,  and  second,  the  determination  of 
safe  pillar  suppot-t .  Each  of  these  proolems  can  be  subdivided  according 
to  the  system  of  openings:  first,  the  single  opening;  second,  parallel 
openings  separated  by  rib  pillars;  and  third,  intercornected  openings 
supported  by  square  pillars. 

a.  Safe  Span  Length.  For  single  openings,  the  determination  of  safe 
span  length  is  based  upon  the  assumption  *hat  the  rcoi  si.\b  may  I'e  repic- 
sented  either  by  a  uniformly'  loaded  beam  fixed  at  both  ends  a"  a  uniformly 
loaded  rectangular  plate  fixed  on  all  edges.  Furthermore,  it  is  assumed 
that:  the  roof  slab  extends  over  the  entire  opening  and  has  no  vertical 
cracks  or  fractures,  there  is  no  bond  between  the  roof  slab  and  thie  rr>ck 
above,  the  roof  slab  is  a  homogeneous.  Isotropic  rock  having  a  linear 
stress  strain  relation,  and  no  confining  pressures  exist  at  the  edges  of 
the  slab.  The  effect  on  a  roof  slab  of  an  axial  load  resulting  tfoa  con¬ 
fining  pressures  in  the  rock  has  been  calcinated  and  found,  in  practical 
cases,  to  contribute  less  than  10  percent  to  the  bending  moMnta  i22l. 
Tlierefore,  only  vertical  loads  are  considered  for  design  putiKisus.  For 
single  openings  where  the  ratio  of  the  lateral,  dimensions  is  greatsr  thao 
2:1,  beam  theory  is  used,  and  less  than  2:1,  plate  tlur  y  is  used. 
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The  determination  of  rfe  span  lengths  for  parallel  openings  sepe  • 
rated  by  rib  pilinrs  presents  no  addj^.lonal  problems.  Each  oi)enlng  is 
considered  Independently  and  either  the  beam  or  plate  theory  's  used  for 
cal.julatlry  safe  span  lengths  depending  upon  the  ratio  ot  roOTi  length  to 
width. 

Tiis  problem  of  determining  safe  span  lengths  for  interconnected  open¬ 
ings  supported  by  pillars  has  no  uiown  theoretical  solution.  Therefore,  a 
relatively/  large  safety  factor,  8,  is  employed  with  ths  simple  beam  theory 
to  allow  for  the  additional  stresses  created  by  having  only  partial  support 
at  the  edges  of  the  slab.  Tl;e  distance  between  rows  of  pi-llars  is  con¬ 
sidered  the  span  length. 

b.  Safe  Pillar  Support.  Tiie  determination  of  safe  pillar  support 
for  a  single  opening  reduces  to  an  estimation  of  the  sidewall  stresses. 
These  stresses  are  estimated  fran  the  boundary  stresses  arounl  single  open¬ 
ings  in  homogeneous,  isotropic  medium. 

The  determination  of  safe  pillar  support  for  parallel  openings  sepa¬ 
rated  by  rib  pillars  or  Interconnected  openings  with  squire  pillar  support 
is  based  upon  the  assumption  that  the  load  on  underground  pillars  results 
only  from  the  weight  of  the  rock  above  the  openlrgs  and  pillars,  and  that 
the  loading  conditions  are  similar  to  those  in  a  simple  compression  test. 
The  average  compressive  strength  determined  by  laboratory  tests  on  samples 
of  the  pillar  rock  Is  assuiied  tc  he  the  av*.rtiftc  i,t)cr.gth  of  the  pillar 
rock  in  situ. 

2-21  SAFE  SPAN  LENGTHS  IN  HORIZONTAL  BEDDED  FORMATIONS,  BEAM  THEORY. 

a.  Single-Laver  Roof.  The  maximum  i'alues  of  the  deflection,  sbecur, 
and  tension  for  a  uniformly  loaded  beam  clamped  at  both  ends  are  given  f.'.’O 


(2.11) 


(2.12) 
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where 

^mejc  ^  deflection 

^max  “  shearing  stress 

°max  tensile  stress 

L  »  span  length  (shorter  lateral  dimension  slsb) 
t  *  slab  thickness 
E  3  Young's  modulus 
p  »  density  of  rock 


The  tnaximiim  deflection  occurs  at  the  center  of  the  beam  and  the  maxl- 
nrjoi  shear  and  tensile  stresses  occur  at  the  ends  of  the  beam.  At  Mie  cen¬ 
ter  of  the  oeam  the  shear  la  zero,  and  the  tension  is  one-half  the  maximum 
value,  thus,  the  expected  points  of  initial  failure  vould  be  at  the  ends  of 
the  span  rather  than  at  the  center. 

I'he  maximum  shear  stress  '/aries  d'ir^ctly  as  the  span  leegth,  whereas 
the  maximum  tensile  stress  varies  as  the  square  of  span  length,  and  In¬ 
versely  as  the  slab  thickness.  The  ratio  of  these  stresses  is: 


max 


raax 


2L 

3t 


(2.14) 


Hius,  for  beams  long  compared  to  their  thickness,  the  tensile  stress  ex¬ 
ceeds  the  shear  stress.  Since  for  tent  rcok  the  tensile  strength  is  less 
than  the  shear  strength,  shear  stresses  can  be  dlsregaurded  and  only  tensile 
stresses  employed  to  determine  safe  span  lengths. 

Equation  (2.13)  may  be  rewritten  as  a  design  formula  for  safe  span 

lengtus  by  replacing  j _  with  T  ,  the  tensile  strength  of  the  roc" 

dividing  T  by  P  ,  a  safety  factor;  eind  solving  for  L  .  Thus 


(2.15) 


'/sing  a  safety  factor  of  >3  and  a  rock  density  of  C.09  lb  per  cu  In.,  a 
graph  of  eqtiatlon  (2.15)  on  log-l  'g  coorfilnates  lo  shown  in  figiure  2.12. 
Thlr  gruph  relates  safe  span  length  to  bed  thickness  and  tensile  strepg^h. 
Figure  2.12  may  be  isod  *or  estimates  of  safe  spr  .  length  and 
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equation  (2.15)  for  more  pre-  Jge 
calculation. 

b.  Too -Layer  Roof.  When 
the  roof  roclc  Is  composed  of  two 
slabs,  one  above  the  other,  there 


Tm*  timf-  I'M*!.  •• 


Figure  2.12.  Safe  sf/oa  ler.gth  for  various  roof 
tAickneMses  and  tensile  strength*  of  roeh 


are  two  cases  to  consider  (see  figure 
2.13).  First,  when  the  thicker  slab 
overlies  the  thinner  slab,  each  acts 
Independently  and  the  stresses  and  de¬ 
flection  in  each  slab  cam  be  calculated 
by  equations  (2.11),  (2.12),  and  (2.13).  Second,  when  the  thinner  olab 
overlies  the  thicker,  the  lower  slab  Is  loaded  by  the  upper  one.  This 
additional  loading  can  be  calculated  from  beam  theory  and  represented  as 
am  appaurent  density  of  the  lower  slab  which  is  given  by 
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Figure  2.13.  Two  eonditioas  for  multi¬ 
layered  roof  slabs 


^'^1*1  *  ^2^2^ 

^a  “  - 3 - 3 - 

hH  *  V2 

where  «  appau<ent  density  of  lower  besm 

«  Young's  modulus  of  lower  beam 
Eg  ■  Young's  modulus  of  upper  beem 
p^  ■  density  of  lower  beam 
Pg  «  density  of  upper  bean 
t^  •  thickness  of  lower  team 
t„  >  tdlckness  of  upper  bean 


(2.1^) 
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The  maximum  ve.Jues  of  the  deflection,  shear,  and  tensile  stress  In  the 
lower  slab  ere  determined  by  equations  (2.11),  (2.12),  and  (2.13),  respec¬ 
tively,  where  p  is  replaced  by  p  .  If  the  density  and  Young's  modulus 

ft 

are  the  same  for  both  slabs,  the  mA.y<rrn»m  vaJue  of  o  occurs  when  the 

ft 

upper  slab  is  cne-half  the  thickness  of  the  lower,  onder  this  condition 
Pa  -  ^/3  Pi  ;  nence  the  upper  slab  Increases  the  tensile  stresses  in  the 
lower  slab  by  33“l/3  percent.  Safe  span  lengths  for  the  case  of  two  beams 
may  be  determined  from  equation  (2.15)  by  replacing  p  with  p 

A 

c.  Multiple -Layer  Roof.  When  the  roof  rock  in  composed  of  three  or 
more  slabs  having  no  bond  between  slabs  and  the  thinner  3labs  overlie  the 
thicker  ones,  the  additional  load  on  the  lowest  slab  can  be  calculated  from 
beam  theory  and  represented  a**  an  apparent  density  of  the  lowest  slab  which 
is  given  by 


^1^1 


(pj^tj^  +  pgtg  +  p,t 


riJL 


p  t 
n  n 


E.t^  +  E-t^  +  E-t|  +  ...  +  E  t^ 
11  ^52  33  nn 


(2.17) 


irtiere 

p  *  apparent  density  oi  lowes*  >^em 

®  th 

E  ■  Young's  modulus  of  n  ”  beam 

p  ■  density  of  n  "  beam 

**  bh 

t  =i  thickr.es8  of  n  beam 
n 

values  of  the  maximum  deflection,  shear,  and  tensile  stress  and  the 
safe  span  length  are  again  obtained  by  substituting  p^  for  p  in  equa¬ 
tions  (2.11),  (2.u2),  (2.13),  and  (2.15),  respectively. 

For  oiultllayered  roof  slabs  having  various  thicknesses  cu.d  phi®— 
properties,  the  number  of  layers  that  need  to  be  considered  can  be  deter¬ 
mined  by  using  equation  (2.17)  stepwise,  'ii.ut  ic,  the  apparent  density  is 
calculated  for  the  first  two  slabs,  then  the  first  three,  first  four,  etc., 
until  the  apparent  density  shows  no  i'urther  increase.  Only  those  Icyers 
that  produce  an  increase  in  the  apparent  density  are  effectively  loe  .ing 
the  loves'^  layer. 
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2'S2  S/JS  span  lengths  IN  HriRIZCiyT-AT  g£DDED  FORMATIONS,  PLATE  THE'OPY. 
The  maxlnmn:  values  of  the  deflection  Pid  tensile  stress  for  a  uniformly 
loaded  rectangular  plate  clamped  cn  all  edges  are  giver  [:’2] 


max 


Ana** 

Et^ 


irtiere 

“  maximum  deflection 

lOAX 

■“  niaxlmum  tensile  stress 

IuBjC 

a  »  shorter  lateral  dimension 
b  =  longer  lateral  dimension 
E  a  Young's  modulus 
p  =  density 
t  =  thickness 
A,  B  >  constants 


(£.18) 


(2.19) 


Tabu  2.2.  yaU»»  of  A  aaJ  B  for  Vorioat  Vaimti 
of  b/a  aad  Poi$$oa’$  Folio  Equal  to  1/3 


b/a 

B 

A 

1.0 

0.0513 

0.0138 

1.1 

0.0581 

0.0164 

1.2 

0.0639 

0.0188 

1.3 

0.0687 

0.0209 

1.4 

0.0726 

0.0226 

1.5 

0.0757 

0.0240 

1.6 

0.0780 

0.0251 

1.7 

0.0799 

0.0260 

1.8 

C.0«12 

0.0267 

1.9 

0.0822 

0.0272 

2.0 

0.0629 

■ 

L,  ,  .  1 

0.0277 

_  ' 

The  uaxlmuB  deflection  occurs  at  the  center  of  the  plate  and  t -e 
oaxlouB  tensile  stress  occurs  at  the  middle  of  the  lonti,er  dimencluii  at  vhs 
edge  of  th.e  plate.  For  ratios  of  b/a  greater  than  2.0,  the  beam  theory 
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equations  given  in  paragraph  2-2la  anproxiisiate  the  stresses  and  deflection 
of  the  plate  theory.  The  error  In  the  maximum  stress  Is  less  than  1  per¬ 
cent  eund  the  error  In  the  rnavirntm  deflection  Is  less  than  12  percent. 

Ac  before,  equation  (2.19)  can  be  rewritten  a  design  formula  for 
safe  span  length  by  replacing  0  with  T  ,  the  tensile  strength  of  tha 
rock;  dividing  T  by  a  safety  factor,  /  ;  and  solving  for  a  ,  the 
shorter  lateral  dimension.  Thus,  tlie  safe  span  length  la  given  by 


(2.20) 


2-23  tt,ujstRATIVE  EOAMPLE.  safe  SP.AW  LENQTK.  Thie  estimation  of  safe  span 
lengths  from  equation  (2.15)  or  (2.20)  requires  values  for  the  safety 
factor,  density,  modulus  of  rupture  of  the  roof  rock,  and  the  thickness  of 
the  roof  slab.  When  the  roof  rock  Is  composed  of  two  or  more  slabs  with 
the  upper  ones  loadlug  tlie  lower  ones,  then  the  density  and  Young’s  modulus 
of  each  slab  are  also  required. 

Safety  factors  between  4  and  6  should  be  eaployed,  depending  upon  the 
type  and  number  of  mechanical  defect#  that  can  be  observed  In  the  roof 
rock.  Ihe  density,  Young's  modulus,  and  modulus  of  rupture  are  obtained 
from  physical  property  tests  on  diamond-drill  core  obtained  frea  the  roof 
rock.  When  available,  the  modulua  of  rupture  determined  on  horizontal  core 
ehould  be  uaed,  otherviae,  vertlcc .  core  iuay  be  used.  lYior  to  mining  the 
opening,  the  bed  thlcknessee  overlying  the  opening  are  estimated  by  in¬ 
specting  vertical  drill  cores  of  the  roof  rock  and  noting  planes  of  weak¬ 
ness.  After  mining  an  opening,  the  estimated  bed  thicknesses  may  ba 
checked  by  stratascope  surveyii  and  wag  meaauremunts  aa  the  original  ..  nlng 
is  periodically  widened.  From  equation  (2.11)  the  apparent  bad  thickness 
can  be  calculated  from  the  change  in  deflii'rtlon  resulting  from  a  chang*-  In 
span  width  wJ-.lch  Is  given  by 


26 


2-23 


where 


EH  1110-3^5-^32 
1  Jan  6l 


Lg  =  span  width  after  widening 
=  span  width  before  widening 
-  D,  =  sag  resulting  from  widening 

A  complete  discussion  of  the  expejt imental  technlgues  employed  in  developing 
aafn  span  lengths  at  the  Bui-eau  of  Mines  Oil  Shale  Mine,  Rifle,  Coloreido, 
has  been  reported  [l?j. 

As  an  example  iilu8tratl\-e  of  safe  span  design,  consider  the  follow¬ 
ing  problem.  Determine  the  maximum  safe  span  for  an  underground  installa¬ 
tion  in  a  stratified  formation  600  ft  below  the  surface,  consisting  of  a 
single  opening  30  ft  high.  Inspection  and  physical  property  tests  on 
diamond-drill  core  from  the  proposed  roof  rock  lia/e  given  the  following 
data; 


Slab 

Density 

Young's 

Modulus  of 

Thickness,  ft 

Ib/ca  In. 

Modulus,  psl 

Rupture,  psi 

First  slab 

6 

0.09 

3  X  10^ 

3  X  lo3 

Second  slab 

2 

0.09 

2  X  10^ 

2  X  103 

Third  slab 

10 

0.09 

3  X  10^ 

3  X  10^ 

ITie  second  slab  will  load  the  first  slab  as  it  1b  thinner  than  the  botto;. 
slab,  but  the  third  slab  will  not  lood  the  bottom  slab  because  it  is  much 
thicker  than  the  lower  one.  To  calculate  the  additional  loading  on  tie 
lower  slab  use  equation  (2 .16)  to  obtain  the  apparent  density  of  the  bottom 
slab.  Thus 

3  X  10^  (6  X  12)^  (0.09  X  6  X  12  +  0.09  X  2  X  12) 

0  «  w  . — I — > — ^ ■  0.  ,  Ib/cu  h.. 

•  3  X  10°  (6  X  12)-^  +  2  X  10°  (2  X  12)^ 

Substituting  p  for  p  in  equation  (2.15)  gives  tha  estimated  safe  span 

as 


72  X  3  X  10^  X  6  V  .. 

- o:u”1 - 56  ft 
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2-24  SAFE  PILLAR  Su'PPORT  IN  HOR  ilONTAr.-  PSDDED  FORMATIOMS.  a.  Single 
Openings.  The  detennlimtlon  of  safe  pillar  support  for  a  single  opening  in 
a  horizontal  bedded  formation  reduces  to  an  estimation  of  the  bc’.uiCie.;y 
stresses  in  the  Pidewalls.  Depending  upon  the  ty.^e  of  stress  field  and  the 
general  shape  of  the  opening,  the  critical  boundary  stresses  are  obtained 
from  the  appropriate  curnes  in  figures  2*7,  2.3,  and  2.9*  The  critical 
boundary  stresses  should  always  be  leas  than  the  strength  of  the  rcca  and 
preferably  by  a  factor  of  4. 

b.  ParsLllel  Openings.  The  average  stress  on  rib  pillars  between  a 
series  of  equally  spaced  parallel  openings  of  equal  size  la  given  [5i 


(2.22) 


where 

«  py  .  average  vertical  stress  before  mining 

Sp  «  aversge  stress  in  pillars 

m  opening  width 

-  pillar  width 
F 

p  ■  density  of  rock 
y  m  depth  below  surface 


Equation  (2.22)  may  be  rew-ltten  rs  a  design  formula  for  safe  plUai- 
wldths  of  rib  pillars  by  replacing  by  ,  the  coqprecslve  strength 
of  the  pillar;  dividing  by  F  ,  a  safety  factor;  and  solving  for  . 
Thus,  the  safe  pillar  width  is  given  by 


(2.''3) 


c.  Interconnected  Openings.  The  average  stiess  on  square  pillars 
for  a  ayatem  of  Intarconnacted  opaninga  in  a  horizontal  bedded  i’oniiation  la 
givan  [5] 


Sp  -  S  (1  ♦  ^  (2.2k) 
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irtiere 

Wp  =  wldtn  of  pillar  (same  In  both  lateral  directloiii) 
3  opening  width  (scune  in  both  lateral  directions) 

^  =  average  stress  in  pillar 
»  average  stress  before  u;ining 


Replacing  by  C  ,  the  contpr-csslve  strength  of  hhe  pillar;  dividing 
by  F  ,  a  safety  factor;  and  solviiig  for  gives  the  safe  pillar  width 
design  fonnula  for  sqviare  pillar  support  as 


— -  (2.25) 


For  mining  purposes  the  percent  mined  area  or  percent  recovery,  R  , 
is  often  useful.  Squatlons  (2.23)  and  (2.25)  can  be  put  ir  terms  of  safe 
percent  recovery,  giving 

(2.26) 

2-25  CCMPRESSIVE  STREWSTti  OF  PILIARS.  Hie  ccoipr*»59l’/e  atrength  of 
pillars,  ,  used  In  equations  (2.23),  (2.25),  and  (2.26)  needs  some 
clarification.  Labontory  test  on  dlsBond-driU  core  has  shown  that  the 
observed  cosvresslve  strength  is  a  function  of  the  length-to-dlameter 
ratio,  l/d  ,  of  the  saaple  [12].  Standsird  ccnpressive  tests  are  performed 
on  saaples  having  an  l/d  ratio  equal  to  one  and  the  necessary  correct!  n 
for  the  coagiressive  strength  of  samples  having  an  I^/d  ratio  between  0.5 
and  2.0  aisounts  to  leas  than  percent,  therefore,  no  correction  for  the 
coavreaaive  strength  of  pillars  whose  ratio  of  l/d  lies  between  0.5  and 
2.0  is  required.  Pillars  having  l/n  ratios  greater  than  2.U  should  b-i 
avoided  because  the  "column  effect"  reduces  the  strength  of  the  pll’ju 
appreciably. 

The  strength  of  underground  pillars  In  stiKtiiied  fomatious  present* 
soma  difficulties  becai.se  ths  strengths  of  the  various  strata  of  rock  in 
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the  pillar  vary  over  wide  llmita.  Unpublished  laboratory  tests  by  the 
Applied  Fhysica  Branch  have  shown  that,  in  general,  the  strength  of  pillars 
composed  of  different  strata  of  rock  is  more  nearly  equal  to  the  average 
strength  of  the  various  strata  of  rock  rather  than  tno  weakest  strata. 
Therefore,  the  compressive  strength  of  pillars  in  stratified  formations 
should  be  obtained  by  averaging  the  ooa^pressive  strengths  of  the  various 
rock  types  in  the  pillar. 

2-26  imjSTRATIVS  EOAMPLB.  SAFE  PILLAK  grPFORT.  T..:  estimation  of  safe 
pillar  widths  by  means  of  equations  (2.23)  snd  (2.25)  rcci^red  values  for 
compressive  strength  of  pillar,  height -to -width  ratio  of  pillar,  opening 
width,  safety  factor,  and  a\'rrsge  stress  before  mining.  Methods  for  esti¬ 
mating  compressive  strength  of  pillars  having  various  height-to-width 
ratios  composed  of  st  .iiied  rock  have  been  given  in  the  preceding  para¬ 
graph.  A  safety  factor  of  at  least  4  should  be  employed  auid  the  height-to- 
width  ratio  of  the  pillar  should  be  kept  below  ?.  The  opening  width  is 
determined  from  safe  span  considerations  and  Is  assumed  fixed.  The  average 
stress  before  mining  is  given  by  equation  (2.1).  For  a  quick  estimate, 
average  vei-tlcal  stress  in  rock  Increases  1  psl  per  foot  of  depth. 

As  an  Illustrative  example  consider  the  following  problem.  Determine 
the  safe  pillar  widths  for  an  underground  installation  in  a  rtratified  for¬ 
mation  1000  ft  below  the  surface  consisting  of  30-ft-hlgh  Interconnected 
openliigs  supported  by  square  pilloTo  wnere  the  safe  opening  width  or  dis¬ 
tance  between  pillars  has  been  fixed  at  50  ft.  Riyslcal  property  tests 
on  vertical  drill  core  from  the  pillar  rock  have  provided  the  following 
data: 

Average  Compressl-.-e 

Strata  IhlckncfiS.  ft  Strength,  psi 

1  15  20,000 

2  5  10,000 

3  10  1L>,000 

The  average  coopreseive  si-rength  for  a  pillar  having  a  height-to-vldth 
ratio  of  1  is  tiiS  average  strength  of  the  three  strata  or  l6,000  pal.  The 
average  stress  before  mining  at  1000  ft  Is  approximate V  l^iJO  psl. 
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Aasuiaing  a  safety  factor  of  and  substituting  Into  equation  (2.25)  gives 
the  safe  pillar  width  as 


J2_ 


50 


-  1 


=  29  ft 


U  X  1,0.30 

Since  the  ratio  of  height  to  width  of  pillar  is  appimljaatfely  unity,  no 
correction  need  be  made. 


INCLINED  BEDDED  FOIWATIONS 

2-27  GENERAL.  In  dipping  strata,  a  tunnel  Is  usually  driven  peurallel  to 
the  dip  or  parallel  to  the  strike.  For  the  purposes  considered  in  this 
manual,  the  maxlrniim  bedding  angle  whicn  could  be  followed  la  limited  to 
about  a  10  percent  grade,  above  which  movement  of  idieeled  vehicles  and 
equipment  would  be  hampered.  The  design  problem  at  such  small  angles  Is 
virtually  the  same  as  for  horizontal  bedded  formations,  ai.d  safe  spans  may 
be  calculated  using  the  same  equations  from  either  beam  or  plate  theory  as 
the  case  requires.  Pillars  are  designed  in  exactly  the  same  manner  as  pre¬ 
scribed  for  those  in  horizontal  strata.  Examination  of  the  forces  acting 
in  an  inclined  roof  beam  shows  that  the  normal  component  of  the  vertical 
load  which  tends  to  flex  the  beam  is  less  than  the  total  load,  and  hence, 
the  bending  effect  la  lessen'd.  Thus,  the  factor  of  safety  is  even  greater 
than  where  tlw  same  roof  bed  lies  horizontal. 

2-28  TUNNEL  PERPENDICULAR  TO  STRIKE.  Openings  made  across  bedded  forma¬ 
tions  which  are  sharply  Inclined  are  not  advisable  unless  artificial  sup¬ 
ports  are  used.  Since  the  dip  In  this  caac  is  assumed  greater  -^'an  that 
which  wotild  produce  a  1C  percent  grade  in  a  tun¬ 
nel  driven  parallel  to  the  stratification,  the 
tunnel  could  not  be  driven  Inclined  and  will  be 
considered  horizontal.  VRicn  the  long  dlmeaslcn 
of  the  opening  lies  in  a  horizontal  plane  which 
is  perpendicular  to  the  dlr-ctlcn  of  the  strike 
of  the  beds  (see  figure  2.lU),  the  edges  of 
numerous  overlying  strata  are  exposed  along  the 


figure  2.14.  i.ongiluiUtel  se.  iou 
of  koritrutat  tur.uet  driven  iwipen- 
oscular  to  atrik..  o)  iucliued 
bedded  farmatiau 
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entlr«  length  of  the  tunnel  and  vlll  tend  to  crack  and  drop  Into  the  open¬ 
ing.  Moreover*  in  the  extreme  case  where  theae  beds  eue  of  widely  varying 
thlckneesea  and  physical  properties,  the  problem  of  deteznlnlng  span  width 
analytically  would  be  virtually  Impcsslble.  In  any  'asc,  all  exposed 
edges  of  roof  bods  must  be  supported  by  roof  bolts  or  some  similar 
expedient . 

2-29  TUMNEIi  PABATl-RT.  TO  STRIKE.  Wiien  t)ie  long  dimension  of  the  openli.e 

is  horizontal  and  lies  parallel  to  the 
strike  under  sharply  dipping  roof  beds,  the 
top  of  the  opening  may  be  made  to  conform 
as  close  as  possible  to  the  dip  of  the 
beds;  see  figure  2.15.  This  would  minimize 
the  possibility  of  differential  movement 
of  thin  beds  Into  the  tunnel,  but  roof 
bolts  would  still  be  necessary  to  support 
exposed  edges  of  strata. 

TUNNEL  UNIWGS  TO  P.ESIST  EXPLOSIONS 

2-30  GENERAL  DISCUSSION.  A  Statically  stable  opening  Is  defined  as  an 
underground  opening  that  will  successfully  resist  the  static  loads  Imposed 
by  the  overlying  material.  Such  m  opening  may  require  no  supporting 
means,  or  may  require  some  artificial  support  such  as  roof  bolts,  linings, 
or  saBW  type  of  structiuml  framework.  Une  anticipates  that  in  large  and/or 
long  openings,  defective  rock  areas  will  exist  where  scoe  type  of  static 
load  support  will  be  required,  before  the  problem  of  designing  an  in'*’''Taal 
tunnel  structure  is  considered.  It  is  assumed  that  a  statically  stable 
opening  can  exist  with  or  without  artificial  supports.  Any  Internal  tunnel 
stricture  designed  for  protection  against  dynamic  loadings  Is  distinguished 
primarily  from  the  usual  type  of  static  support  by  its  purpose. 

The  problems  encountered  In  driving  an  opening  through  various  isedla 
have  been  described  In  the  pre3cdir.g  paragraphs.  The  principles  discussed 
ere  predicated  on  the  ascumptlons  that  the  tunnels  are  in  a  rock  medl.um 
ur:der  conditions  t>uit  aJlow  *  co  be  considered  static  .ly  stable  wltli  no 


Figure  2.15.  Cron  sectiouM  of 
horizontal  tunnels  driven  parallet 
to  strike  of  inclined  bedded  formation 
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additional  supports.  In  the  cases  where  additional  supports  are  required 
for  static  stability,  these  tupports  may  be  designed  to  resist  dynaolc 
loads  as  well,  since  the  principles  involved  are  quite  parallel.  Howerei*, 
the  mode  of  failure  resulting  from  the  dynamic  loadings  can  be  quite 
different.  ® 

Linings,  when  used  for  static  support,  may  wmgc  from  a  thin  coating 
of  mortar  such  as  Gunlte,  to  a  thl<.h  wall  of  plain  or  reinforced  concrete 
of  various  structural  shapes  and  designs.  Structural  steel  elements  are 
also  frequently  used.  The  mechanism  of  damere  as  discussed  in  this  manual 
applies  directly  in  the  cases  of  light  tunnel  linings,  like  Gunlte,  placed 
to  protect  against  rock  spalling  and  sloughing  due  to  air  slaking,  since 
ruch  a  thin  coat  will  add  no  material  strength.  Also,  the  use  of  roof 
bolts  does  not  materially  aiffect  the  damage  due  to  dynamic  loadings. 

Heavy  supporting  structures  in  direct  contact  with  the  tunnel  walls  ex¬ 
perience  a  major  effect  from  compressive  stress  pulse  loadings,  and  design 
of  such  structures  should  incorporate  the  principles  for  protection  from 
dynamic  loadings.  Areas  requiring  special  supports  are  at  much  of  a 
special  problem  in  design  for  dynamic  loads  aa  they  are  for  static  loads. 

In  such  cases  special  static  and  dynaj^c  design  should  be  considered 
simultaneously. 

2-31  REASONS  FOR  lOTErtNAi.  *wniMEr.  STRUCTORE.  An  underground  explosion 
subjects  the  rock  medium  to  a  compressive  stress  pulse  which  may  cause 
extensive  damage  at  free  su^  Jaces  such  as  the  unprotected  walls  of  a  t  un¬ 
nel.  The  extent  of  the  damage  that  may  be  generated  depends  upon  the 
anqplltude  of  the  stress  pulse,  the  shape  of  the  stress  pulse,  and  the 
physical  condition  of  the  rock  at  the  surface  of  tlie  tunnel.  Experiments 
on  tunnel  damage  have  been  carried  out  by  the  Corps  of  Fnginer  [6,  7,  -^1 ■ 
These  reports  define  four  degrees  of  damage  intensity  which  will  be  dis¬ 
cussed  later.  Tunnel  damage  dees  not  necessarily  mean  collapse  of  the 
tunnel  nor  Impainnent  of  tunnel  static  stability,  but  is  generally  con¬ 
sidered  to  mean  breakage  of  rock  at  the  wall  siurfaces.  This  'leakage  is 
such  that  the  broken  rock  has  a  velocity  as  it  leaves  the  wall  siurface. 

Rie  spalled  pieces  of  roc...  vary  iu  slae  and  in  the  velocity  with  which 
they  leave  the  wall  surface.  To  provide  protect; or  in  an  underground 
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opening  against  the  action  of  fayrock,  and  In  soae  cases  to  toalntain  the 
opening,  the  follovlng  conditions  should  be  fulfilled; 

(1)  The  conpi\;s8lv«  stress  pulse  must  not  be  pemltted  to  enter  a 
protective  structui'e  directly  so  as  t;  t^use  the  aane  type  of 
fracture  in  the  protective  stinzcture  as  generated  on  the  walls 
of  the  tunnel,  l.e.  spal.'..lng  ft:aeture  caused  by  reflection  .',f 
the  cctopresBlve  stress  pol'e  at  a  free  surface. 

(2)  inie  interior  of  the  turne.l  must  be  protected  from  the  d;,uaaic 
load  of  flyrock  of  various  sizes  and  velocities. 

(3)  accumulated  pieces  of  rock  broken  from  the  walls  must  have 
some  means  of  support. 

Such  conditions  can  best  be  met  by  providing  a  structure  within  the 
tunnel  that  is  supported  in  such  a  manner  that  it  will  not  allow  direct 
transmission  of  a  stress  pulse  Into  the  structure  and  is  strong  enough  to 
resist  both  the  Is^iacts  of  the  flyrock  and  the  resulting  static  load  from 
fractured  rock. 

2-32  GECMETRY  OF  OrE?nfCS  Aiffi  PROTECTIVE  STRUCTimES.  ‘Ihe  Inl-luence  of 
geometry  of  an  opening  on  the  damage  Is  discussed  in  EM  1110-345-434.  The 
else  and  shape  of  the  most  effective  internal  tunnel  svructure  to  resist 
the  effects  of  dynsmlc  loadings  might  well  be  considered  before  the  size 
and  shape  of  a  given  opening  is  decided  for  final  design.  The  factors  of 
use  and  xhuictton  dictate  the  total  area  required  and  the  mlnlaum  dlmeneloes 

needed,  but  such  factors  as  the  terminal  static  load  and  flyrock  impacts 

are  influenced  by  the  size  and  ^.lape  ol  the  tunnel,  and  thus  control  the 
design  of  the  protective  structure.  A  balance  of  these  factors  for 
econo8d.cal  design  is  desirable.  It  Is  possible  that  the  else  of  pro¬ 
tective  structure  for  extremely  large  areas  would  be  far  less  economical 

than  smaller,  longer  tunnel  arrai:gements. 

Tbs  openiogs  should  be  such  that  the  protective  atructure  can  be  in 
the  shiqw  of  arches  or  rings,  as  these  urc  th?  isost  effective  in  with¬ 
standing  the  tyi>e  of  loads  that  might  be  inposed.  Usually,  the  protective 
structure  should  conform  more  or  less  to  the  tunnel  shape,  in  ad„itlonj 
the  stress  pulse  will  be  turned  away  from  the  protective  etinieture  by  a 
mismatching  of  the  mechanical  impedance.  This  mismatching  of  meobanlcel 
nqpedanca  is  most  easllj'  accomplished  by  leaving  a  rv&c  4  between  structure 
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and  tunnel  vail.  This  space  houla  not  be  large  and  need  not  be  more  then  - 

a  few  inches. 

2-33  AVAILABLE  EXPERIMENTAL  DATA.  No  experimental  data  ajc  available  re¬ 
garding  loadings  on  protective  tunnel  structuj'cc  that  resuli;  frcir  nuclear 
explosions.  Some  experimental  data  and  observations  of  HE  explosions  have  ; 

been  obtalj'ed  by  the  Corps  of  Engi  'eers  on  tunnels  with  no  ■‘nternaJ.  otruc-  ? 

tures  [6,  7,  8].  One  should  recognize,  therefore,  that  the  loading  and 
response  of  protective  structui’es  In  tunnels  as  presented  here  are  based  j 

only  on  the  types  of  experiences  and  observations  gained  from  the  field  | 

work  described  In  these  references.  Explosive  effects  from  HE  bombs  are  < 

much  more  localized  than  would  be  ground  shock  directly  transmitted  through  j 

the  rock  or  alrblast -Induced  ground  shock  from  atomic  weapons.  Therefore,  f 

the  zoning  phenomena,  which  are  described  In  EM  1110-3*i5-^3^  <uid  referred  > 

to  In  paragraph  2-44  following,  would  not  be  directly  applicable  %rtien  de-  | 

signing  protection  from  large  atomic  weapons.  However,  the  physical  be-  I 

havlor  of  the  bounding  material  would  be  similar  In  many  respects  and  data  f 

presented  may  be  possible  of  extrapolation  and  adaptation  jo  designing  I 

Internal  structures  In  rock  to  resist  atomic  weapons.  | 

? 

4 

CONVENTIORAL  TOlfflEb  SUPPORTS  • 

. . . . . .  I 

i 

2-34  GENERAL  CO*JSIDERATIOfiS  •  Linings  are  used  uonaally  for  the  purpose 
of  maintaining  a  stable  opening  from  the  static  viewpoint.  The  design  for  1 

static  stability  may  well  be  coupled  with  the  design  for  protection  against 
blast  loading  failure.  For  this  reason  the  general  characteristics  of 
ordinary  types  of  construction  are  discuened  briefly. 

2-35  STATIC  lOAD  CONSIDBRATIOIf.  Suppcrte  In  the  fors  of  t'jnnel  linings 
are  generally  used  when  the  tunnel  is  In  or  must  pass  through  an  area  of 
defective  rock.  Here  the  choice  of  the  type  of  tunnel  support  depends  on 
the  nature  and  characteristics  of  the  prevalllog  rock  defects.  Such  prob¬ 
lems  of  selecting  particular  types  of  supporting  structures  are  treated  in 
reference  [20].  These  strictures  are  usually  similar  in  type,  characr,*?  — 

Istic,  and  function.  They  all  are  composed  of  transverse  ribs,  either 
circular  whe.c  sqi'eezlng  or  swelling  rock  Is  cnec-atered,  or  hewn  or  aurch 
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ribs  supported  on  posts  %diea  the  problem  is  one  of  supporting  a  slabbing 
or  collapsing  roof.  These  ribs  si;^port  longitudinal  meaabers  c/er  which  a 
lagging  is  placed.  This  lagging  may  be  either  loose.  The  com¬ 

pleted  structure  is  back-packed  with  stone,  gravel,  or  concrete,  and  often 
the  whole  stiucture  is  concreted  in  place.  A  typical  lining  is  composed  of 
ribs,  longitudinal  members,  lagging,  packing,  and  may  or  may  not  be  con  ¬ 
creted.  The  function  is  to  maintain  etability  of  the  opening  and  prevent 
rock  from  dropping  to  the  floor  of  the  tunnel  due  +0  slaking  and  flow 
fracture.  Considerable  care  is  usually  taken  to  see  that  the  ribs  and 
longitudinal  members  are  loaded  at  multiple  points.  Struts  are  often 
place!  across  the  invert  If  side  pressures  are  heavy.  Ribs  in  the  shape 
of  circles  are  much  preferred  when  the  pressures  are  more  severe. 

2-36  DYNAMIC  CONSIDERATIONS.  The  mechanical  impedance  match  is  near  to 
unity  when  static  structures  are  concreted  to  the  wall  of  the  tunnel.  In 
this  case  one  can  expect  the  impiogitig  cuo^resslve  stress  pulse  to  produce 
the  same  type  of  physical  action  at  the  surface  of  the  structwe  as  that 
which  produces  failure  at  the  surface  of  a  rock  tunnel.  Concrete  with 
reinforcing  will  resist  heavy  apalliug  more  than  plain  concrete  and  more 
than  a  bare  rock  surface. 

2-37  APPEARANCE  CONSIDERATION.  Conventional  linings  are  usually  of  very 
light  construction  in  a  solid  or  intact  rock  condition.  What  one  sees  as 
he  passes  through  a  tunnel  is  no*,  necessarily  any  indication  of  the  type  o.;' 
construction  .leeded  for  protection  against  explosive  pulses.  The  appear¬ 
ance  of  the  inner  tunnel  lining  surface  le  an  important  psychological 
factor.  This  factor  is  kept  in  mind  when  designing  preecnt-day  tunnels 
for  public  use. 

The  appearance  of  the  inner  face  of  the  liner  is  important  in  an 
opening  where  personnel  are  to  be  housed  or  subjected  to  working  conditions 
for  hours  at  a  time.  The  designer  should  incorporate  this  factor  into  his 
tunnel  liner  design. 

UWDERGRCTmP  DYNAMIC  LOADIIP 


2-3ti  STRESS  PULSE.  An  elastic,  isotropic,  and  homoc^ncvua  medium  can 
support  the  propagation  of  i»o  types  of  stress  palse^;  first,  a  dlract 
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atresB  pulse  either  tension  or  ^'^^pression,  called  a  dilatation  pulse;  and 
second,  a  shear  stress  pulse,  ‘rhe  partl..le  motion  in  a  dllatatlonal  pulse 
is  parellel  to  the  direction  of  its  propagation,  irtille  In  tLo  shear  pulse 
the  particle  motion  Is  perpendicular  to  the  direction  of  propagation.  A 
ullatatlon  pulse  only  will  be  generated  from  a  symmetrical  explosion  in  the 
Interior  of  an  unbounded  medium,  ‘j^e  explosion  In  practical  cases  la  not 
symmetrical  and  normally  occurs  rsl-avivelj'  close  to  some  surface.  Both 
types  of  pulses  are  generated  under  these  conditions  and  a  complex  pulse  Is 
present.  In  addition,  the  surface  supports  various  types  of  surface  waves. 

This  rather  complicated  proMom  Is  greatly  simplified  by  the  fact 
that  the  rock  as  a  medium  behaves  near  a  free  surface  In  a  relatively 
brittle  manner.  That  is  to  say,  rock  exhibits  much  greater  resistance  to 
fracture  by  the  application  of  compression  and  shear  stresses  than  It  does 
to  tensile  stresses.  The  simplification  comes  about  by  the  conditions  of 
fracture,  which,  due  to  the  weakness  In  tension,  means  that  fracture  la 
produced  by  small  tensile  stresses  when  large  shear  and  compression 
stresses  will  not  produce  failure.  Also,  when  a  dilatation  pulse  strikes 
a  free  surface  It  Is  reflected  with  a  phase  change  of  l80  degrees;  thus,  a 
eomprckclon  pulse  becomes  a  tensile  pulse.  Therefore,  If  the  medium  is 
much  weaker  In  tension  than  in  shear,  only  the  dilatation  part  of  the  pulse 
need  be  considered  since  fractures  at  free  surfaces,  as  on  the  walls  of  a 
tunnel,  are  of  primary  Interest.  A  rock  medium  Is  not  perfectly  elastlu, 
homogeneous,  and  Isotropic,  hut  full  of  Joints  and  other  types  of  discon¬ 
tinuities.  A  consideration  of  the  influence  of  these  discontinuities  on 
the  dilatation  pulse  Is  necessary.  A  dilatation  pulse  Impinging  upon  a 
boundary  between  media  which  have  different  physical  characteristics  of 
density  and  elasticity  will  be  reflected  and  refracted  'isder  conditions 
which  are  not  rlmple.  A  reflected  and  refracted  pulse  of  the  shear  type 
will  be  generated  as  well  as  a  reflected  and  refracted  pulse  of  the 
dilatation  type. 

The  Intensities  of  the  reflected  and  refracted  pulses  depend  on  the 
amplitude  of  the  Incident  disturbance;  the  angle  of  Incidence;  the  wave 
shape  of  the  Incident  disturbance;  the  nature,  size,  and  shape  of  the  re¬ 
flecting  surface;  the  properties  of  the  medium;  e^d  the  distance  tram  the 
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><ovvndary  to  the  point  coneldered.  Ihe  calculations  re<i,ulred  for  the 
rigorous  solution  of  any  reflection  problem  ajre  extensive  and  require  a 
detailed  knowledge  of  the  properties  of  the  medium.  Rigorous  tientiLc:;!; 
will  not  he  attempced  here  since  we  are  Interested  '^.-seentlally  In  general¬ 
izations  from  tensile  reflections.  Certain  effects  will  he  examined  using 
simplified  conditions. 

2-39  METHOD  OF  DETERHINIMC  THB  EXTEWT  OF  mPEDANCK  MISMATCHIHC.  Reliec- 
tlon  and  refl*actlon  of  waves  at  the  interface  of  tvo  media  are  discussed 
briefly  to  show  the  necessity  of  mismatching  the  mechanical  Impedance  of 
any  two  media  which  have  different  physical  properties  and  are  bonded 
togeth'^r.  When  an  elastic  dilatation  wave  of  displacement  amplitude 

impinges  upon  an  interface,  generally 
four  waves  are  gei^rated  as  shown  in 
figure  2.16.  Waves  of  displacement  am¬ 
plitude  and  are  refracted  Into 
the  Sttcond  medium,  and  wavea  of  dlaplace- 
ment  amplitude  A^  and  A^  are  re¬ 
flected  back  Into  the  first  medium. 

Waves  Ag  and  Aj^  are  of  the  dilata¬ 
tion  type  and  waves  A^  and  A^  are  of 
the  shear  type.  Angle  is  tbs  Inei- 
dent  angle  of  wave  Aj^  ,  angles  and 
0^  ars  aaaociated  with  the  reflaetad  and 
rsfractad  dilatation  wavea,  reapcotlvely, 
and  anglsa  and  9^  art  aaaoolated 
with  the  reflected  and  refracted  shear  waves,  leapcetively. 

Naglaeting  tbs  ensrgy  of  ths  boundaiy  disturbaaoss,  nnaalas  for 
cootputing  tbs  relstive  smounts  of  suergy  transferred  to  these  four  wavea 
lave  been  given  by  Knott  (12].  Tormulas  for  computing  ths  relative  asqall- 
tudas  have  beau  given  by  Zoepprits  [29l,  Hacelwwnc  IlUJ,  and  Kolsir-  [13l. 
Full  derivation  and  discussion  of  thsse  fonaxlaa  can  bs  found  In  any 
standard  textbook  on  seismology. 

There  ere  fo’ur  sspsrate  boundary  conditions  at  the  IntarfSee. 

There  boundary  c6)i4itl.fQS  satisfied  if  it  is  sss’  .I'd  that  Huygsn's 


Fifttt*  2.16.  RtflteUon  mW 
rtfraetioH  of  m  imeUoot  Jilalatiom  uhivo 
01  o  plain  iamfoca 
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principle  can  be  applied  to  these  waves.  This  leads  to  the  relations; 


sin 


sin 


0^  sin  sin  Qjj  sin 


(2.27) 


'rtieiT  and  v  are  the  velcclties  of  propagation  of  the  dilatation  and 
shear  waves  in  the  first  medlua,  and  and  v^  are  the  coirre spending 
velocities  la  the  second  mediius.  The  velocity,  c  ,  of  the  dilatation  wive 
in  ai]y  mediua  can  be  computed  from  the  relation 


c 


(2.28) 


and  the  velocity,  v  ,  of  the  shear  wave  In  any  nedium  can  be  obtained  frean 
the  relation 

’'■[sn-hrs]'^'  <=■»> 

The  modulus  of  elasticity  In  tension,  £  ,  Poisson's  ratio,  p  ,  and  the 
density  of  the  medium,  p  ,  are  readily  available  froei  a  physical  proper¬ 
ties  analysis  of  the  particular  medium. 

Utilizing  the  proper  boundary  conditions,  it  cam  be  shown  thal  the 
foUovlng  four  relations  between  amplitudes  are  valid: 


(Aj^  -  Ag)  cos  0^  +  Aj  sin  -  Aj^  cos  -  A^  ■in  ■  0  (2.30) 

(Ai  Ag)  sin  ♦  Aj  cos  Pj  -  A^  sin  ♦  A^  cos  P^  ■  0  (2.31) 

(Aj^  ♦  Ag)  c^  coe  2P2  -  sin  -  A,^c^(p^/p^)  cos  2Pj 

- -AeV^/p^/pj^)  sin  2pj^  -  0  (2.  32) 

‘*a'^a^  [^*1  '  ^  ^^3] 

“  Vb  ala  2Qi^  -  A5(o^j,  V^)  cos  2pJ  -  0  (2.33) 
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when  and  p^  are  the  densities  v.'  the  two  media. 

By  suhstitution  In  equation  (2.27),  the  four  simultaneous  equations 
(2.30),  (2.31),  {2.32),  and  (2.33)  ^  solved  to  give  the  amplitudes  of 

the  reflected  and  refracted  pulses  In  uerras  of  >  41;e  imiplltude  of  the 
Incident  dilatation  pulse. 

The  effect  of  the  mechanical  Impedance  mismatch  of  any  two  media 
which  are  bonded  may  be  determined.  'Hie  ahjove  considerations  define  a 
method  for  treating  the  very  general  case  where  a  dllutatlonal  pulse  Is 
Imx^lnged  at  some  Incident  angle  to  an  Interface  between  any  two  media. 
RelVrrlng  to  the  walls  of  a  tunnel,  it  Is  true  that  the  explosive  pulse 
will  generally  fall  Into  this  general  case.  However,  the  energy  distribu¬ 
tion  Is  rather  complex  and  the  evaluation  of  all  the  factors  Involved  Is 
not  practical.  Since  the  damage  of  greatest  Interest  occurs  when  a  pulse 
Impinges  at  normal  incidence  to  a  free  surface,  the  following  siagpliflca- 
tlons  of  the  general  case  are  discussed:  (a)  a  dilatation  pulse  laq;>lnglng 
at  normal  Incidence  to  an  Interface  between  any  two  media  considered  to  be 
Integi.-Uy  bonded,  and  (b)  a  dilatation  pulse  Impinging  at  normal  Incidence 
to  a  free  surface  boundary. 

2-40  HORMAL  IWCIDEWCE— TWO  MEDIA.  Because  of  normal  Inuldenee,  angle 
is  zero,  and  from  equation  (2.27)  all  other  angles  are  zero  too.  Substi¬ 
tuting  equation  (2.27)  Into  the  four  equations  (2. 30),  v2«3l)>  (2.32),  and 
(2.33}  shows  that  waves  A^  a.-id  A^  anlsh  po  that  only  dilatation 
pulses  are  generated.  The  solutions  for  the  ratios  between  displacement 
anplltudes  A^/a^  and  A{./a^  are  then  found  as: 

Ag  Pb°b  -  Pe°a 


Va  * 


(2 


2p,c^ 


\  %%  *  V 


(2-35) 


Equations  (2.3^)  and  (2.33)  will  pruvrlde  relative  dlsplaceawnt  oavll- 
tudes  of  the  reflected  and  refracted  dilatation  pulses  A.,  aci  as 

compared  to  the  Inclden):  pui:  ?e  ^  . 
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'fhe  value  of  the  ao^pllt,.^  of  the  Btreaa  Juat  before  a  wave 

Btrlkes  a  boundary  at  normal  Incidence  is; 

»n  -  Va^a 

where  f  la  the  frequency  of  the  wave. 

ae  values  of  ,  the  non.::!  stress  In  medium  a  ,  and  ,  the 

nonaal  stress  In  medium  b  ,  alter  the  wave  a  has  reacted  with  the  bound- 

n 

ary  are  given  by: 

V  -  (A^  +  Ag)  (2-37) 

°nb  “  Vb*^) 


These  equations  apply  to  all  harmonic  waves  of  any  frequency  and 
therefore  will  apply  for  pulses  of  arbitrary  shape. 

The  condition  that  the  boundary  la  bonded  requires  ,  thus 


’  Wa 


(2.39) 


or>  from  equation  (2.35)« 


‘'n  "  Va  ♦  Vb 


(2,1*0) 


Equation  (2.3^)  shows  that  the  a«plltuda  of  the  raflectsd  wavs  ds> 
pends  on  the  quantity  (p^e^  *  ^  reflected  at  normal 

Incidence  when  the  product  of  the  density  and  velocity  Is  the  r*  e  for  tiif* 
two  media.  This  product  "pc”  Is  referred  to  herein  as  the  'hiecbanlc.il 
Impedance"  of  tbs  awdlua.  Equation  (2-3^)  itlso  shows  that  when  the  Bechan- 
leal  Impedance  of  the  second  omdium  (msdlum  b)  Is  greater  than  that  of  tbs 
first  (medium  a),  the  amplitude  of  the  displacement  on  reflec*-'.3n  Is  of  the 
same  sign  as  that  of  the  Incident  wave.  The  amplltuds  changes  In  sign  vhen 
the  mechanical  Impedance  of  the  second  medium  is  lower  than  chat  of  the 
first,  and  th«re  Is  a  change  In  phase  on  reflection.  A  comprescijve  stress 
pulse  of  suff  Ida  .tly  '  irge  emplltuds  txave.ilng  u  a  amdlum  and  Implnglne 
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at  normal  incidence  upon  a  free  eurfuce  may  cause  a  tensile  frecture*  A 
dilatational  and  a  shear  pulse  are  produced  \dien  a  ccmpression  pulse  im¬ 
pinges  at  other  than  normal  incidence.  The  Interference  of  such  reflected 
pulses  gives  rise  to  very  conq;)llcated  stress  dlstrlDutions  and  the  super¬ 
position  of  several  reflected  pulses  auny  produce  tensile  stresses  which  are 
sufficiently  large  to  cause  fracture. 

2-4l  ILLUSTRATIVE  EXPHP1£.  Kie  importance  of  impedance  mismatching  can  be 
demonstrated  best  by  the  following  numerical  exampl.1.0  considered  for  normal 
incidence  of  the  pulse  and  assuming  the  media  are  veil  bonded. 

Riyslcal  properties  for  sandstone,  granite,  concrete,  and  a  sand 
cushion  material  for  this  s-'.eaple  are  as  follows: 


Material 

Young's 
Modulus 
(E),  pal 

Polaaon'a 

Ratio 

M 

Weight 

Density 

(v) 

Ib/cu  ft 

Mass  Density 
/  w\  Ib-gec^ 

bong 

Velocity 
(c).  fps 

Mechanical 
Impedance 
,  .  lb-sec 

—tT 

Saalatone 

2.3  X  10® 

O.lilt 

Uo 

I*. 35 

17.3  X  10^ 

0.75  X  10^ 

Granite 

5.6  X  10^ 

0.25 

168 

5.22 

13.6  X  10^ 

0.71  X  10^ 

Concrete 

3  X  10® 

0.10 

150 

1*.T6 

9.7  X  10^ 

0.45  X  10^ 

Sand  cuahiua 

1  X  10^ 

0.20 

150 

4.76 

0.185  X  10^ 

0.009  X  10^ 

Consider  the  case  of  the  wave  passing  from  the  sandstone  medium 
through  the  interface  into  the  concrete  medium.  The  ratio  of  mechanical 
Impedance  of  concrete  to  that  of  sandstone  /p  c  is  0.45  x  loV 

Q  C  C  9B  08 

0.75  X  10^  ■  O.uO,  and  the  ratio  of  stress  in  the  concrete  to  that  in  the 
sandstona  Troa  equation  (2.4o)  is: 


c  c 

pc  +  p  a 

^ss  ss  c 


2  X  0.45  X  10^ 
(0.75  +  0.45)  X  10^ 


0.75 


Next,  consider  the  case  of  the  wave  passlug  from  granite  to  concx'ete. 
The  ratio  of  mechanical  lispedance  of  concrete  to  granite  P.c  /p„c  is 
0.4^  X  10V0«71  X  10^  «  0*63,  and  fron  equation  (2*40)  tbe  ratio  ox  streaa 
in  concrete  to  granite  /a  is  O.9/I.16  ■  0.78.  nwe,  the  stress  la  the 

c  g 

concrete  Is  not  reduced  substantially  and  the  stress  pulse  in  the  medluni 
is  well  coupled  to  vhe  concrete. 

Next,  assume  that  e  It^ur  of  soxid  eushloa  is  pieced  between  e  rook 
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wall  and  a  concrete  liner.  The  mecliarlcal  impedance  ratio  for  sand  cushion 

to  sandstone  p  c  /p  c  is  0.009  x  10  /0.75  X  10  -  •).0L2,  and  to 

sc  sc' ^ss  ss  p  c  .. 

granite  p  c  /o  c  is  0.009  X  10^/0.71  X  10^  =■  O.OI3.  'The  stress  ratio 
sc  sc  g  g 

for  the  sandstone  case  froni  eijuatlon  (2.^)  is  0-018,0.7^9  =  0.02*^,  and  for 
granite  is  O.OI8/0.719  -  C.025. 

The  pulse  in  passing  through  the  sand  cushion  is  considerably  I'educed 
in  intensity.  Consider  the  stress  in  the  liner  for  these  last  two  cases  in 
terms  of  the  stress  in  the  original  medium,  irom  sandstone  to  sand  cushion 
to  concrete  liner, 


ss 


O.02U 


X 


2  X 

0.1*59 


0.0^7 


and  from  granite  to  sand  cushion  to  concrete  liner, 

=  0.025  X  =  0.049 

Thus,  the  stresses  have  been  reduced  to  about  5  percent  of  that  in  the 
original  oedlua. 

2-42  FREE  SURFACE  IKTERFACE.  A  free  surface,  such  as  in  a  tunnel,  pro¬ 
vides  near  zero  impedance  matching  at  the  boundary.  Only  two  puisne  of 
importance,  a  shear  pulse  and  a  dilatation  pulse,  are  aeneirated  and  .e- 
flected  when  a  coopresslonai  pulse  strikes  a  free  surface.  Nearly  all  the 
incident  energy  is  reflected  in  the  dilatation  pulse  which  is  now  a  tensile 
stress  pulse. 

Ibe  angle  of  reflection  of  the  shear  pulse  le  given  by  [6] 


where 

ci^  -  the  angle  of  Incidence 

@2  ■  the  angle  of  reflection  of  the  shear  wave 

•  the  propeget  ion  veloclt.v  nf  the  dilatation  wave 
v^  i'ne  propagation  velocity  of  the  8h?*ar  w  ive 
li  .•  foieson's  ratio 
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Tbe  angle  of  reflection  of  the  dll&tatiou  pulse  Is  equal  to  tl:s  angle  of 
Incidence. 

Assuming  that  the  refracted  pulse  amplitudes  at  the  free  boundary  are 
zero,  the  following  fonmilas  give  the  relative  amplliules  of  the  reflected 
dilatation  and  shear  pulses  in  terms  of  the  amplitude  of  the  incident 
dilatation  pulse  ut  a  free  plane  boundary  lu]. 


^2 


(2.42) 


^3 


Sin  2a^  cos  20^ 


sin  2cx^  sin  20^  +  I  “  )  ^3 


(2.43) 


These  equations  apply  to  all  hanioaic  waves  of  sjoy  frequency  and 
therefore  will  apply  for  pulses  of  arbitrary  shape.  In  equations  (2.42) 

and  (2.43),  Is  the  displacement  amplitude 
cf  the  incident  dilatation  pulse,  Ag  is  the 
displacement  amplitude  of  the  reflected  dilata¬ 
tion  pulse,  A^  Is  the  displacement  aoplitude 
of  the  reflected  shear  pulse,  and  the  other 
eymbols  are  aa  previously  defined. 

figure  2.17  Indicates  the  result  of  plot¬ 
ting  Ag/Aj  versus  t.hs  aagls  of  Incidence  '  r 
a  Foiiison's  ratio  of  0.1$,  0.2^,  and  0.3$.  TMte 
the  case  where  u  ^  O.35  ae  an  exsdple;  the 
gra^ib  ebovs  that  the  smpli'cuda  of  the  reflected 
shear  wave  is  a  maxlmiuii  at  an  an^la  of  in*  idence 
of  about  46  degrees.  Its  emplitude  is  then  a 
little  greater  than  that  of  the  incident  Wi've. 
nis  enplitude  of  the  reflect'^d  lUf.tatlon 
Is  >  niniimim  at  an  angle  of  ^.noidsnee  of  about 


'#eOJI 

n 

"^0 


N: 
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Fi$urt  3.1  Rtfltetfl 
ampliuJtB  for  flmo  Mlo>oU>jm 
wovo  imeidomt  os  froo  rotfmro 


44 


2-42 


EM  lllO-345-^5ii 
1  Jan  6.1 


65  degrees.  At  grazing  incidence  no  distortion  pulse  is  reflected  and 
Ag/A^  again  tiecooies  unity. 

Relatively  large  amplitudes  of  the  shear  wave  are  reflected  for 
angles  of  incidence  between  15  and  75  degrees.  For  angles  of  Incidence  bt;- 
tween  50  and  80  degrees,  the  reflected  dilatation  we’."?  has  a  rel<itlvely 
small  amplitude;  for  low  values  of  Poisson's  ratio  in  this  range  of  inci¬ 
dent  angles,  the  reflected  longitudinal  wave  is  in  phase  with  the  incident 
dilatation  wave,  that  is,  an  incident  com,..‘cselve  pulse  is  reflected  as  a 
compressive  pulse  and  a  shear  pulse.  The  energy'  of  the  initial  dilatation 
wave  at  the  boundary  la  distributed  between  the  reflected  dilatation  and 
shear  waves,  and  Ir  "I’/en  by: 

energy  of  initial  dilatation  wi_*.'e  =  energy  of  re¬ 
flected  dilatation  +  energy  of  reflected  shear 

or,  in  terms  of  amplitudes  and  angles  of  reflection  this  may  be  written  as 

Pit  pL\  sin  2^-  -» 

1-^  +  -^ - ^  (2.44) 

A£  A£  sin  20^ 

The  energy  density  of  a  shear  wave  is  less  than  that  of  a  dilatation 
wave  of  the  same  displacement  amplitude,  since  the  ratio  of  sin  C.'lq/sin  20^ 
is  always  less  than  unity.  This  is  further  substantiated  by  the  fi.ct  tnat 
the  shear  wave  is  reflected  at  an  angle  less  than  the  reflected  dilatation 
wave  angle,  which  requires  that  the  width  of  the  reflected  beam  of  the 
shear  wave  will  be  greater  than  the  width  of  the  reflected  dilatation  beam. 
Hence,  the  energy  density  for  the  shear  pulse  must  be  lower  on  reflection 
for  equal  displacement  amplitudes  than  the  dilatation  puIsb.  i^uatloii 
(2.44)  applied  to  the  amplitude  functions  shown  in  figure  2.1?  indicates 
that  the  conservation  of  energy  nas  been  maintained. 

Figure  2.18  Illustrates  the  stress  distribution  at  various  sta,<^s 
when  a  plane  compresslonsl  ptilse  of  triangular  shape  is  reij.ectcd  at  right 
angles  to  a  free  surface.  The  resultant  stress,  indicated  by  heav:,  solid 
lines,  at  any  point  during  reflection  is  obtained  by  Cidding  thr  ntren.’es 

l|  i 

doi  to  the  incident  and  reflected  pulses  whicl.  aiei  shown  by  ihe  thin  .llneo 
in  each  figure,  irtille  the  broJeen  line  corresponds  to  the  portion  of  the 
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r’ilse  which  has  already  been  re¬ 
flected.  Figure  2.l9a  ebowa  the 
pulse  approaching  the  flee  tt'-uidary, 
figure  2.1M’  chows  the  dl8trlbui;lon 
when  a  part  of  the  pulse  has  been 
-eflected  but  the  stress  ttlll  con¬ 
sists  entirely  of  coopresslon, 
figure  2.18c  Is  a  slightly  later 
stage  vdien  sooe  tension  has  been  set 
up  near  the  boundary,  and  in  figures 
S.lSd  and  2.l8e  this  tension  has 
spread  and  the  stress  Is  entirely 
In  the  fora  ''f  tension.  In  figure 
2.l8f  the  reflection  Is  coqpleted 
and  the  tension  pulse  Is  of  the  sane  shape  as  the  incident  cco^resslon 
pulse. 

As  cELo  be  seen  In  figure  2.18,  appreciable  tension  will  first  be  set 
up  at  some  distance  from  the  free  surface  and  it  Is  here  that  fractures 
will  begin.  Once  a  fracture  has  started,  the  rest  of  the  pulse  Is  re¬ 
flected  at  the  uew  free  surface  formed,  so  that  a  series  of  approximately 
paredlel  cracks  nay  be  produced  when  the  amplitude  of  the  stress  pulse  is 
sufficiently  great.  Each  time  a  -^acturc  Is  foraed  a  certain  amount  of 
forward  momentum  Is  trapped  between  the  fracture  and  the  new  free  surface. 
If  the  fracture  exteuds  oufficlently  for  a  piece  to  he  broken  off.  It  will 
fly  off  with  the  momentum  trapped  In  It.  nils  fracturing  process  may  con¬ 
tinue  such  that  a  series  of  pieces  follow  each  other  In  flying  off  suc¬ 
cessive  free  surfaces.  The  fracturing  process  is  limited  to  that  region 
where  the  resultant  tensile  stress  exceeds  the  tensile  strength  of  the  rock. 
2-43  LABORATORY  VERIFICATIOW  AMD  APFROXIMAIED  FRACTORB  IBEaOMEMA.  !l!he 
fracture  of  brittle  materials  by  reflected  teoslxe  stress  is  fkequ(-''tly 
observed  In  the  laboratory.  In  recent  work  [2lj,  Rinehart  baa  been  able 
to  explain  quantitatively,  on  the  basis  of  reflected  tensile  streas,  the 
scabbing  of  a  surface  of  a  metal  plate  by  the  detonation  of  an  explosive 
charge  against  the  epp*  site  ^ce  of  the  plate.  Accord  ig  to  Rinehart, 
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Figure  2.18.  The  tensile  reflection  of 
triangular  compression  pui^e  at  normal 
incidence  to  a  free  boundary 
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the  number  of  la^rs^  n  ^  x'ormsd  In  the  Bcabblng  process  is  the  first 

integer  smsller  than  the  ratio  a  /a  ,  where  a  is  tf'e  peak  compressive 

o  u  o 

stress  of  the  incident  wave^  Ani  c  is  the  tensile  strength  of  the  metal. 

fil 

Hie  tbicknoss  of  the  layers  depends  on  the  shipe  and  length  of  the  falling 
part  of  the  incident  pulse.  Whsre  the  stress  curve  falls  steeply,  thin 
scabs  will  be  formed;  as  the  slope  of  the  stress  distance  curve  decreases, 
the  thickness  of  the  scabs  increases.  Hie  total  thickness  of  the  scabbing 
is  one-half  the  distance  in  which  the  coDpi'r^.°:ive  stress  of  the  Incident  , 


pulse  falls  from  o 


Rinehart  calculates  stress  from  the 


o  o  m 

relation  o  ■  pcv,  where  a  is  the  stress,  p  the  uiass  density,  c  the 
seismic  velocity,  and  v  the  particle  velocity,  and  develops  a  relation 
between  the  particle  velocity  and  the  velocity  of  ejection  of  a  pellet. 
Hils  mechanism,  used  to  explain  the  scabbing  of  metal,  may  be  used  to  ex¬ 
plain  the  type  of  damage  to  rock  in  the  recent  underground  explosion 
tests  [6].  Hie  two  phenomena  are  much  the  same.  Hie  assuitptlons  that  the 
stress  wave  is  plane  and  is  not  attenuated  appreciably  ovt'T  a  distance 
equal  tc  half  the  pulse  length,  and  that 

the  material  is  unlforo.,  probably  do  not  j 

hold  so  closely  for  the  work  with  rock  ^ 

as  for  Rinehart's  work  with  setal.  »*--  i.  — | 

Consider  a  saw-tooth  pulse  in  com-  || 

presslon  with  an  abrupt  ris».  wuve  front  *-"**  ****  i 

pa#  ^ 

•w*«M  i  MHM 

impinging  against  a  free  surface  as  in  1 

figure  2.19a.  When  this  pulse  strikes  <»> 

the  plane  free  surface  and  is  reflected,  ***l--i 

tension  is  formed  immediately.  After  {  I 

the  reflected  pulse  has  traveled  a  i.i 

distance  l/2k  ,  shown  in  figure  2.19b,  .-J  MMMkMMim 

the  first  spall  will  occur.  Hie  heavy  «t 

line  shows  the  resiLltaot  streso  pulse,  .  !*"*  |'**  *"*^  _ 

while  the  dotted  line  shows  the  on-  <•'  '  '> 

coming  compression  pulse  uikl  the 

reflected  tension  pulse.  Hje  static  ’V*  “ 


tfM  wlM* 
•mvM  f««i  ae  lM 


tensile  strargtb  cf  th.  .’cck  is  a.  , 


Figure  3.  SprUlimg  prtrce*^  due  to  a 
«avf<ao'A  eompreteiou  puise  at  normal 
ia>.tdeaee  la  a  free  boundary 
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and  L  Is  the  pulse  length.  Afte-  the  break,  the  spalled  rock  moves 

away  with  velocity  v^^  ard  a  second  free  su.-face  is  formed  with  the  re- 
malnlng  part  of  the  compression  pulse  acting  upon  it,  as  shown  in  fl.v'U'C 
2.19c.  Again  upon  reflection  tension  is  formed,  ard  nhen  the  reflected 
pulse  has  traveled  a  distance  I^Pk  another  breeik  will  occur  if 
(kcJ^  -  c^)  ^  If  k  >  2  .  Thi«  is  Illustrated  in  figure  2.19cl. 

The  second  spall  moves  away  with  velocity  ,  and  a  third  free  siirfece 
is  formed  as  Indicated  In  figure  2.19e.  Uils  pi'ocess  will  continue  n 
times  until  (kc.  -  no^.)  <  o.  •  The  important  fact  Is  that  the  rock  frac- 
tures  occurring  at  a  particular  location  do  not  occur  simultaneously,  but 
In  successive  stages.  Each  fracture  is  separated  by  a  short  interval  of 
time.  Thus,  the  t’innel  llnex  is  subjected  to  a  series  of  Impacts  for  a 
short  period  of  time. 

2-U4  FALLIMG  AND  FLYING  ROCK.  In  the  previous  section  the  production  of 
falling  and  flying  rock  resulting  from  the  fractures  caused  by  the  stress 
pulse  Is  discussed,  nie  amc^urt,  size,  and  velocities  of  such  fractured 
rock  are  discussed  In  EM  1110<>3^9-434.  In  that  manual  four  degraes  of 
damage  Intensity  are  described  and  regions  of  similar  damage  intensity  cure 
denoted  as  zones  of  damage.  The  zone  of  a  given  Intensity  of  damage  is 
designated  by  a  nustber. 

The  distances  from  explosion  to  free  surfuce  at  irtilcb  various  In¬ 
tensities  of  damage  will  occur  on  various  types  of  rock  depend  upon  the 
nature  of  the  rock,  the  size  of  the  ej^loslon,  type  of  explosive,  etc. 

These  factors  are  discussed  In  Of  1110-34$~^3^« 

Ihe  zones  of  dasuge  are  briefly  described  as  follows: 

Zone  k  damage  Indicates  very  light,  spotty  damage  which  prohabl^- 
results  from  dislodging  previously  broken  rock.  The  geuloglu  i>i.xuc- 
ture  present  detezvlnes  to  a  large  extent  the  size  of  the  firactured 
pieces.  For  Instance,  for  a  tunnel  with  a  long  transverse  bpan  end 
In  vdilcb  bedding  Is  nearly  borizontaj.  and  a  few  Inches  apart,  ziUxly 
large  pieces  might  fall  In  this  zone.  If,  on  the  other  band,  the 
tunnel  Is  In  rock  with  bedding  steeply  Incllael  to  the  horizontal  or 
with  no  bedding,  the  failures  would  probably  be  restricted  tc  the 
cureas  where  tvumel  Aivcturef  and  cracks  were  produced  in  solid  rock 
by  the  driving  process. 

Zoos  3  indicates  oiodarate  continuous  damage  over  the  region  of 
the  tuniwl  pex  lpheiy  cloeeet  to  the  explosion.  Thin  la  a  regi;.s 
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where  a  stress  pulse  fc  sufficient  anplltuclo  to  cause  fracture  In 
solid  rock.  Single  or  sultiple  -palls  can  re«ult  in  this  region. 

The  pieces  are  not  very  large  as  the  pulse  in  this  region  has  Just 
sufficient  aoplitude  to  cause  single  or  double  spalj-s.  'I’he  size  o£ 
the  spalls  is  not  controlled  by  the  rook  conditions  rnd  strength 
alone,  but  also  by  the  shape  of  the  dilatation  compression  pulse. 

The  shape  of  the  pulse,  its  length  and  general  slope  at  pulse  front 
and  rear,  controls  to  a  lar<re  extent  the  size  of  the  epalled  pieces. 
The  general  pulse  shape  enccontered  in  the  recent  und«irground  ex¬ 
plosion  tests  [6]  is  f^pioximated  by  that  in  figure  2.I9.  In  zone  3» 
the  size  and  velocity  of  the  rock  pieces  produced  by  the  pulse  are 
controlled  by  tlie  geology,  rock  tensil-’  strength,  pulse  shape. 

In  practice  one  finds  that  the  structural  planes  of  weakness  have  a 
large  effect  upon  the  aize  nf  rock  pieces  broken  free  by  the  pulse. 
The  initial  flyrock  la  zone  3  has  a  velocity  between  2  and  30  fj>6. 

Zone  2  indicatee  heavy  damage  continuous  over  the  region  of  the 
tunnel  periphery  closest  to  the  explosion,  nils  is  the  region  where 
the  stress  pulse  is  large  enough  to  cause  pniltlple  fractures  in  solid 
rock.  The  size  of  the  pieces  oi  rock  la  not  much  larger  than  the 
maxlmnn  for  zone  3  but  the  MAvtimmi  initial  velocities  are  probably 
twice  as  great;  thus,  the  energy  of  the  rock  fragments  is  about  four 
times  as  great. 

Zone  1  indicates  ccmplete  breakthrough  from  the  surface,  foo- 
tftctlon  against  zone  1  damage  la  not  believed  to  be  feasible;  there¬ 
fore,  no  further  discussion  Is  given. 


DESIGN  (XMCIDERATIONS  AMD  CRITERIA 


2-45  DAMAGE  FROTECl'iOW.  P-siage  of  the  type  exhibited  by  zone  4  is  n 
to  the  type  of  failure  commonly  known  as  "popping  rock"  condition.  Protec¬ 
tion  against  this  kind  of  damage  can  be  provided  by  aimgple  meaxia  as  the  fly- 
rock  fragments  are  small  and  their  velocities  low.  The  use  of  roof  bolts 
would  probably  be  ineffective  as  the  majority  of  the  spalled  pieces  arc 
only  a  few  inches  in  size.  A  screen  suspended  from  the  roof  that  would 
deflect  or  hold  the  spalled  or  loosened  rock  and  keep  it  from  falllug 
would  usually  bs  sufficient.  Any  light  tunnel  linii^  irtilch  would  the 
surface  would  be  adequate. 

Zone  3  protection  is  not  as  staple  as  protection  for  zone  4  typtts  of 
damage.  Structures  are  r-qulred  which  will  function  as  follows; 

(1)  Ensure  that  isolation  from  tunnel  wall  rock  is  obtained  no  tha-*’ 
bbe  loading  pulse  is  not  tranmnittcu  directly  to  toe  inner 
tvinnel  structure. 
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(2)  IVovlde  ability  to  absorb  energy  ^aused  by  the  Impact  blovrn 
from  the  flyrook. 

(3)  ftrovlde  ability  to  carry  the  dead  weight  of  the  rock  i^roken 
from  thp  tunnel. 


The  dlstaroe  between  the  structurt'  and  the  tunnel  wall  sbou.ld  be  kept 
as  small  as  possible.  'Ihls  will  keep  the  free-fall  velocity  of  fract'i'*ed 
irock  to  a  minimum  and  reduce  the  resultcunt  impact  locuUng  t^c  the  struc¬ 
ture. 

{detection  against  zone  2  type  of  damage  requires  an  Inner  tunnel 
structure  somewhat  more  sturdy  than  that  required  by  zone  3«  Aa  In  the 
previous  case,  the  structure  will  have  to  be  designed  to  carry  out  the  same 
t'iree  functions.  However,  in  addition,  the  structure  should  provide  a 
mechanism  for  distributing  and  softening  the  Impacts  of  the  hlgh-veloclty 
fractured  rock,  as  well  as  supporting  the  larger  static  loads.  A  material 
should  be  placed  between  the  structure  and  tunnel  wall  which  will.  nc<t  allow 
direct  transmission  of  the  pulse  into  the  structure  but  will  dlstrllnite  and 
soften  the  Impacts.  Granular  materials,  such  as  sand  euid  crushed  stone, 
will  be  adequate  idicn  placed  between  tunnel  wall  and  structure.  This  mate¬ 
rial  should  eonpletely  f^U  the  space  and  provide  a  thickness  of  $  to  6  In. 
2-^  DESIGW  LOADS.  Tlmnel  structure  doslgn  loads  for  ths  various  Intensi¬ 
fies  of  damsge  for  each  zone  type  have  been  determined  fi'ca  the  field 
tests  [7f  8]«  Ttim  siagnltude  of  the  loads  to  be  sustained  depends,  of 
course,  on  the  size  of  the  tunnel. 

Ttie  prediction  of  design  losds  depends  on  the  ability  to  detezsloe 
the  quantity  of  flyrock  or  ffactured  reck  and  It?  velocity.  It  Is  assuned 
that  ths  total  amount  of  fragmented  rock  Is  independent  of  ths  argular 
position  of  the  region  of  the  tunnel  that  is  subjected  to  waTlmum  dSBWge. 
The  vertical  rouk  load  resting  on  the  structure  is  varlahls  and  will  de¬ 
pend  upon  the  angular  position  of  the  fragmented  sect  Ion  relative  to  a 
vertical  section  through  ths  center  line  of  the  t'onnel.  ngure  2.20  Indi¬ 
cates  how  tbs  structure  loading  Is  dependant  upon  ths  an^^ulat  position  of 
the  fraffoected  rock. 

Tbs  amount  of  fragmented  rock  to  be  used  for  desl^-*  puzx>oses  ts 
calculated  fktmi  a  coct-lderatlou  of  the  demags  area.  The  damage  area  Is 
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the  area  of  the  transverse  t’«umel  section 
(square  feet)  after  blast  minus  the  area 
of  the  treuisverse  tunnel  section  at  the 
same  tunnel  station  before  blast  [6]. 

Plsure  4.20  in  JM  1110-345-434  sho« 
the  relation  between  the  scale  ch'.xge-tO" 
tunnel  distance  and  the  tunnel  damage  area 
directly  under  the  charge  and  the  zone 
classification  of  damage.  Addin tonal  dsta 
pertaining  to  tunnel  damage  areas  along 
the  length  of  tunne^  lu  given  In  table 
2-2,  page  2-25,  of  reference  [6],  a  part 
of  which  is  given  In  table  2.3>  Inspec¬ 
tion  of  these  two  sets  of  data  allows  one  to  reach  the  conclusion  that  for 
tunnel  lining  design  purposes  only,  a  zone  classification  of  damage  Is 


Table  2.3.  Tunnel  Dammfe-Dnmage  Area  at  Outer  Zone  Lmiu 


Round 

1 

Tunnel 

Diam¬ 

eter 

ft 

Zone 

U 
Area 
sq  ft 

Zone 

2A 
Area 
sq  ft 

Zone 

3^ 

Area 
sq  ft 

Zone 

IB 

Area 

sq  ft 

Zone 

2B 

Area 
sq  ft 

Zone 

3B 

Area 

807 

6.84 

6 

20.02 

4.01 

0.60 

20.02 

ZT] 

8o8 

6.84 

6 

«•«» 

3.01 

1.00 

»ea 

3.37 

t.80 

809 

10.26 

6 

810 

13.68 

6 

•• 

•• 

1.30 

— 

2.40 

811 

13.68 

6 

8.80 

0.20 

— 

6.61 

1.50 

812 

13.68 

6 

-> 

14.00 

1.00 

12.00 

2.51 

813 

PJ..55 

6 

— 

11.96 

1.50 

ases 

11.00 

0.30 

814 

34.2 

15 

34.97 

10.00 

— 

.  '5 

8.0c 

015 

34.2 

15 

360.25 

45.03 

4.00 

490,08 

mm 

8l6 

34.2 

15 

384.81 

76.96 

4.99 

600.03 

67.02 

mm 

817 

_ 

68.4 

30 

-1 

371.48 

10.15 

mm 

193.C2 

mm 

Note:  nie  damage  area  Is  the  area  of  the  transverse  tunnel  section  (square 
feet)  after  blast  minus  the  area  of  tbs  transverse  tunnel  section  at 
the  same  tunnel  station  before  blast;  ?  is  the  characteristic 
length  (feet)  numeriRelly  equal  to  the  cube  root  of  tua  charge  eight 
In  pounds. 

nu>  letter  A,  Included  as  part  of  the  V'.ite  oumber,  refers  to  the 
damage?  zo>'e  toward  the  tunnel  portal  and  ~  to  the  sone  toward  the 
tunnel  tacc. 


i 
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i 
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Juatl-fled  because  of  tbe  large  spiv  id  in  the  observed  ^uage  areas  under 
the  various  ejqpcrlaeutal  conditions.  Also>  the  variables  of  each  tunnel 
elte>  and  tne  range  of  weapons  that  may  be  used  against  It  for  damage,  are 
so  great  that  any  attempt  to  predict  tt.e  possible  e!cr,c-at  of  damage  closer 
than  a  zone  classification  cannot  be  justified. 

Average  values  of  the  expected  per-ant  damage  areas  for  the  various 
zones  can  be  obtained  as  follows.  I'a'ole  2-3  shows  that  the  average  dwiiage 
area  for  the  outer  limit  of  zone  3  vas  1.19  f^  6-ft-diameuer 

tunnels.  Ibis  value  mu.ltlplled  by  100  and  divided  by  the  original  trans¬ 
verse  area  gives  k,2  percent  damage  area.  A  similar  computation  for  the 
15-ft-dlaiBeter  tunnel  gives  3.8  percent  damage  area.  Likewise,  computa¬ 
tions  for  zone  2  outer  limit  yield  for  the  6-ft  tunnel  29•'^  percent  damage 
area,  and  for  the  15 -ft  tunnel,  28.5  percent  damage  -irec.  It  should  be 
noted  that  the  percent  damage  area  in  zone  2  becomes  very  large  as  zone  1 
is  approached.  Designing  tunnel  linings  for  protection  against  more  than 
an  80  percent  damage  area  does  not  appear  practical;  therefore,  this  value 
is  arbitrarily  selected  as  tbe  upper  limit  of  zone  2. 

^r  design  purposes  the  percent  damage  area  at  the  upper  liad.t  of 
tone  4  and  the  lower  limit  of  zone  3  !•  arbitrarily  rconded  off  at  5  per¬ 
cent*,  likewise,  the  percent  damage  area  at  the  upper  limit  of  zone  3 
tbe  lower  .limit  of  zone  2  le  rounded  off  at  30  percent,  also  the  upper 
limit  of  zone  2  is  set  at  (30  perc.'  .t.  Itv  expected  scale  charge -to-tunnel 
dietaneee  for  these  various  percent  damage  areas  can  be  obtained  from 
figure  4.20  and  are  s’enarized  in  table  2.4. 

Tbs  magnitude  of  the  velocity  of  the  fractured  rock  varlee 

r«6i«  2.4.  PtobaU*  Ptretmt  Damage  Area  of  Each  Eaae 
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from  zone  to  zone  and  within  each  zone.  However,  the  velocities  of  the 
first  pieces  to  fracture  at  any  point  In  a  particular  zone  are  much  greater 
than  the  velocities  of  the  last  pieces  to  fracture  during  the  period  of 
damage.  Probably  the  last  pieces  to  fractuie  have  little  If  anj-  Initial 
velocity.  Table  2.5  Is  a  listing  of  the  probable  maximum  velocltle?  for 
spalled  rock.  In  the  various  zones  as  obtained  from  iM  1110-3‘^5-^3^* 


Table  2.S.  Probable  Maximum  Velocities  of  Spalled  Rock 


For  design  purposes,  the  impacts  which  the  loner  tunnel  structure 
receives  should  be  considered  as  successive  Impacts.  The  first  Impacts 
are  derived  from  sauU  fragments  at  high  velocities,  and  the  last  Impacts 
are  associated  with  relatively  lar^r  pieces  at  relatively'  lower  veloci¬ 
ties.  Tberefore,  the  energy  per  Impact  is  sosie  fraction  of  the  total 
energy.  The  total  energy  can  be  calculated  by  using  the  total  mass  of  tV 
rock  broken  per  foot  of  tunnel  associated  with  a  velocity  of  half  the  mex- 
InsB  velocity  for  that  zone.  The  fraction  of  the  total  energy  per  ii/pact 
recoaaended  for  design  purposes  is  for  zone  2,  l/lO,  for  zone  3/  l/5>  and 
for  zone  4,  l/2.  There  la  no  experlaental  data  available  for  the  dynamic 
loading  of  Inner  tunnel  str\ict\ires  resulting  from  underground  explosions. 
The  above  reccwwinilations  are  baaed  on  field  data  and  cbser'.”-  .  ^ns  resw-t 
Ing  from  the  experlnenta  of  the  Corps  of  fiiglxteera  [1],  In  particular, 
high-speed  motion  pictures,  Rinehart's  theory  of  fracture,  and  ^he  appruxl- 
mated  phenoewna  of  fracture  (paragraph  2-43).  Rrohably  moat  of  the  energy 
la  dissipated  from  eech  Impect  before  the  next  Impact  occur.  .  This  Is  held 
pooelble  since  the  time  difference  le  great  enough  between  each  laip''c1:. 

Tho  hlgh-epeed  novlee  Indicated  that  the  fracture  phencmena  were  I 
over  a  large  niaber  of  fremee  a*  a  speed  of  frmees  p'-r  second,  and 

thus  Justify  a  tlma  rUsslpatlon  of  energy. 
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2-1*7  TERMIKAL  STATIC  LOAD,  nie  final  static  load  reetiag  upon  the  inter¬ 
nal  tunnel  otructura  depends  upon  the  quantity  of  I'ock  broken  Ir^e  from  the 
tunnel  wall  surface,  and  the  distribution  of  this  broken  rock  around  the 
periphery  of  the  liner.  Hie  dsiiiage  will  vary  for  any  given  explosion,  and 
depends  prlmaiily  on  the  distance  of  eech  point  of  the  tunnel  wirh  respect 
to  the  explosion.  This  damage  is  cheracterlzed  by  the  designation  of  zones 
explained  previously.  In  any  design  for  protection,  a  selection  of  the 
maximum  protection  desired  for  the  whole  tunnel  need  to  be  made,  such 

as  protection  against  zone  3  loading,  etc.  The  quantity  of  rock  fractured 
per  foot  of  tunnel  can  be  determined  [6j  by  utilizing  the  information  given 
in  tabli  2.4. 

The  angular  location  of  the  explosion  emd  the  distance  between  the 
tunnel  lining  and  the  wall  surface  determine  what  portion  of  the  fractured 
rock  will  need  to  be  supported  by  the  tunnel.  Hie  broken  rock  will  dis¬ 
tribute  soetewhat  uniformly  over  the  upper  region  of  the  lining  when  the 
explosion  is  directly  overhead.  Host  of  the  broken  rock  will  support  it¬ 
self  it  the  explosion  occurs  directly  out  from  the  equatorial  radius.  If 
the  Initial  distance  between  tne  inner  tunnel  structure  and  the  tunnel  wall 
surface  is  small,  or  if  a  crushed  stone  cushion  is  used  between  this  pro¬ 
tective  structure  and  the  tuxmel  wall,  most  of  the  broken  rock  will  remain 
in  place  no  matter  where  the  explosion  is  angularly  located.  If  a  large 
open  space  is  left  between  the  protective  structure  and  the  tunnel  wall, 
then  broken  rock  will  slide  off  the  lining  and  build  up  around  tbs  lining 
from  the  bottom.  From  the  static  design  viewpoint  each  position  of  damage 
needs  to  be  examined  separately.  Keeping  the  distance  between  the  internal 
tunnel  structure  and  the  tunnel  wall  small  will  reduce  the  teriomal  scaclc 
loading  by  utilizing  wedging  and  arching  action  of  the  broken  rock .  It  is 
easier  to  prevent  rock  laotlon  than  to  stop  it. 

2-46  ADEQUACY  OF  COWIACT  LINERS.  As  stated  before,  one  of  the  main  func¬ 
tions  of  a  structure  or  liner  for  protection  against  urderground  explosive 
loads  is  to  provide  as  close  to  a  zero  mechanical  Impedacce  match  as 
possible.  Vfbile  an  open  space  provides  nearly  a  perfect  mismatch,  it 
allows  other  types  of  loads  to  bo  greater  than  need  b^.  'ihis  mlsmatculng 
of  the.  oMchanlcal  impedance  ciu*  be  ceurried  to  a  high  degree  by  placing  any 
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kind  of  material  that  has  a  lo^tr  tensity  than  the  rock  siedium  between  the 
tunnel  liner  and  the  tunnel  wall.  A  granular  material  with  a  high  per¬ 
centage  of  voids  is  particularly  effective.  If  any  present  type  i.iaer  is 
insulated  from  the  tunnel  wall  by  such  materia c-id  is  strong  enough  to 
carry  the  static  load  resulting  from  the  eyplosl’/e  shook.  It  could  well  be 
called  a  good  protective  liner.  Ha..ever,  a  major  point  of  importaaoe  is 
that  liner  foiuidations  should  also  be  cushioned  from  the  solid  r^ek  by  a 
granular  material  such  as  a  sand  and  crushed  stone  layer.  This  is  essen¬ 
tial  to  minimize  the  transmlsclon  of  the  pulse  to  the  liner  by  way  of  the 
foundation,  and  to  absorb  any  Impact  vibrations  that  may  exist. 

2- ’,9  SELECTING  ADEQUATE  PROTECTIVE  LltERS.  The  liner  required  for  ade¬ 
quate  protection  will  depend  upon  the  type  of  rock,  the  depth  of  the  tunnel, 
the  function  of  the  tunnel,  smd  the  kind  of  weapons  which  would  be  used 
against  the  tunnel.  Under  cue  set  of  conditions  a  tunnel  might  require  no 
liner  for  protection  against  bombings,  id^ile  the  same  tunnel  under  another 
set.  of  conditions  would  require  liner  protection,  nie  limits  of  antici¬ 
pated  damage  can  be  obtained  by  rppiyihg  the  principles  set  dc'"  in  EM 
lllC-343-434.  It  is  obvious  that  If  any  underground  InstalJLation  is  sub¬ 
jected  to  ata&lc  bomb  attack  and  the  boob  can  bring  about  damage  as  in 
zone  1  with  a  breakthrough  occurring,  the  whole  tunnel  in  that  region  be¬ 
tween  the  blast  doors  will  beccne  completely  contsmlnated.  Therefore,  the 
minimum  depth  for  sdequate  p.otsctlwn  must  be  greater  than  the  dlstaoi’e 
to  effect  a  zone  1  type  of  damage.  Whether  or  not  it  would  be  more  prac¬ 
tical  in  each  case  to  go  deeper  or  to  provide  protection  sgalnst  zone  2 
type  of  damage  depends  on  the  actual  situations  met  in  each  case. 

2-50  DfcTismimTIOW  of  DE.SIGK  triads.  The  design  loads  are  aac*‘ctalned 
after  the  Intensity  of  the  type  of  damage  is  established  for  which  pretec- 
tion  is  desired.  The  design  procedure  for  each  case  of  tone  4  type  tm*ougb 
zone  2  type  of  damage  protection  na^'  be  slightly  varied.  It  may  be  pos¬ 
sible,  for  instance,  for  a  single  liner  tc  provide  all  the  necessary  pro¬ 
tection  even  where  the  oaslu  rock  la  of  such  n  nature  that  artificial 
supports  are  necessary  to  uaiutaiu  a  statically  stable  opening,  and  ub. ni 
protactloo  is  also  uecessexy  against  explosive  l:;ud.«.  Thus,  a  single  llncv 
can  serve  two  basrc  fv..  ..tions.  This  might  be  ca:  .ied  out  by  simply 
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providing  a  layer  of  granular  material  between  the  liner  and  the  walls  and 
roof  of  the  tuutiei. 

Figures  2.21,  2.22,  and  2.23  Indicate  some  Ideas  of  what  .•'ay  be  o^ne 
t  meet  varying  conditions.  The  designer  can  vary  vte  construction  to  meet 


*1  WiliMid  fMit 

1.-. 


Figure  J.2I.  Tjpital  inttrnal  tlruclure—  rigure  2.22-  Typical  mtcmal  $tr»cUrt-‘ 

horaetkot  or  circular  thape^^for  zones  2  and  3  horseshoe  or  circular  shape-'for  zones  2  and  3 

the  particular  conditions  adhering 
only  to  the  principles  set  forth  in 

m$noa  4^ 

this  manual. 

After  the  size  of  opening  Is  set 
and  the  degree  of  damage  protection 
determined,  the  loads  are  evaluated  as 
set  forth  herein.  EN  1110-345 
figure  4.22,  establishes  a  correction 
factor  to  be  used  for  tunnels  where 


■** “*'**’“'“'  the  tunnel  scale  diameter  Is  greater 

Figure  2.23.  Typical  internal  sfructure--  than  0.44.  This  correction  factor 
'  aailtlplled  by  the  predicted  damage 

area  cs  set  forth  is  figure  4.20 

gives  valuos  In  agreeetent  with  exiwrlasntal  observatL'.us.  Uila  corxucT.loB 
fii  itor  may  be  applied  in  the  j>atge  way  to  tha  values  given  in  table  2.4. 
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The  following  exainple  Ir  ffiveu  tu  Illustrate  the  uae  of  the  design 
principles  in  order  to  determine  the  design  loads,  loth  static  and  dynamic, 
and  to  determine  a  value  of  wall  thickness  for  a  reinforced -concrete  struc¬ 
ture.  An  average  value  of  3  In.-lh  pe>‘  cu  In.  for  reinforced  concrete  has 
■)een  assumed  as  the  energy  absorption  factor.  This  factor  will  vary  de¬ 
pending  upon  the  type  of  construction  material  used  and  the  size  and  chape 
of  the  structure.  Therefore,  the  energy  absorption  factor  should  be  deter¬ 
mined  for  each  installation. 

2-51  ILmS'mATIVE  EXAMPLE.  Assume  that  a  tunnel  of  tlie  type  shown  in 
figure  2.20  is  to  be  designed  and  built  to  provide  protection  front  bombing 
attacks.  The  specific  use  of  this  tunnel  requires  that  protection  be  pro¬ 
vided  for  erpccted  zone  3  type  damage  as  caused  by  a  bomb  containing 
25,000  lb  of  explosive.  Assume  that  the  tunnel  is  located  iu  roex  and  at 
a  depth  such  that  it  will  be  subjected  to  this  type  of  damage.  Assume  that 
the  bomb  detonates  directly  over  the  tunnel  such  that  the  maximum  weight  of 
spalled  rock  rests  upon  the  full  width  of  the  tunnel  lining. 

The  tunnel  is  to  have  approximately  the  following  dimensions:  width 
(or  diameter),  12  ft;  height  to  spring  line,  6  ft;  radius  of  circular 
roof,  6  ft. 

The  scale  diameter  is  given  by 

-  12/(25,000)^^^  -  0.41  <  0.'i4 


Since  the  scale  diameter  la  less  than  0.44  no  correction  factor  need 
be  applied  to  the  damage  values  and  the  percent  damage  area  can  be  read 
directly  fl'om  table  2.4  as  ranglzig  from  5  *-o  30  percent.  For  maximum  pm- 
tectlon  the  30  percent  value  will  be  used.  !n»  damaged  area  expected  lb 


0.30  X  the  transverse  area 


38.6  sq  ft 


The  total  weight  of  fractured  rock  1b 


38.6  sq  ft  X  130  Ib/cu  ft  5018  Ib/ft  of  tunnel  length 
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From  paragraph  Z-kS  for  zone  type  daiuage.  the  energy  per  impact 
factor  is  l/p  of  the  total  energy  of  the  toti*^  mass  of  rock  broken  per  foot 
of  tunnel  length.  Therefore,  for  Impact  deeign  the  weight  of  ro''k  pe^* 
Impact  is 

1/5  X  5018  =  1004  Ib/ft  of  tuunel 

From  table  2.5  the  velocity  rarse  or  fractured  rock  is  from  2  tc 
30  fps.  Again  from  paragraph  2“^,  half  the  maximum  velocity  lO  used, 
therefore,  v  =«  30/2  =  15  fps. 

So,  the  energy  per  Impact  per  foot  of  tunnel  is 

1/2  X  mass  X  v^  -  1/2  X  (weight/gravity)  x  (velocity)^ 

=  1/2  X  (1004/32. 2)  X  15  X  15  =•  3508  ft-lb 

Now  permitting  a  fewtor  of  absorption  of  3  in. -lb  per  cu  in.  for  reinforced 
concrete,  the  thickness  of  a  concrete  lining  can  be  calculated.  The  energy 
of  allowable  absorption  must  equal  the  energy  placed  upon  the  stj.-ucture. 

So  for  one  foot  of  length  of  lining  the  '  -mltted  absorption  Is  approxi¬ 
mately 

X  «  X  diameter  (ft)  +  (2  x  sprlng-lii»  height  (ft)  +  width  (ft)  J 

X  thickness  (-t)  x  3  In.-lb/cu  in.  x  sq  in./sq  ft 

-  [1  X  n  X  12  +  (2  X  6)  +  12]  X  t  X  432 

-  (6k  +  24)  432t  -  l8,5llt  ft-lb/ft 

Ihii  factor  is  equal  to  the  energy  per  foot  of  tunnel  per  lapact,  and  the 
lining  thickness  is 

t  -  -  0.1895  ft  -  2.27 

For  static  con.3l derations,  after  the  rock  has  settled  at  rest,  aud 
as^’mtll.a  tije  worst  condition  where  the  total  weight  of  the  broken  rock 
rests  upon  the  tunnel  lining,  the  static  design  would  U'  the  above 
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calculated  value  of  5018  lb  foot  of  tunnel  length,  or 


=  4l8  Ib/ft  of  tunnel  width 


It  apivcars  that  considerations  in  ihe  design  of  |he  protec¬ 

tive  lining  for  this  particular  tunnel  can  be  eliminated.  Any  thicicness 
greater  than  t  =  0.1895  ft  will  pi.,vlde  the  necessary  dynamic  protection, 
and  a  greater  thickness  thim  tins  is  generally  necessary  to  even  build  such 
a  structure.  Prom  ’/arlous  handbooks  on  tunnel  lining  design  [7]  tables  are 
available  from  \rtiich  the  static  design  can  be  completed  when  the  load  per 
foot  of  tunnel  length  is  given.  I'ables  1  and  2  of  reference  [yj  show 
clearly  in  this  example  that  the  static  load  Is  very  sniall  and  a  minimum 
design  is  all  that  is  needed. 

Table  2.6  is  Included  to  give  some  examples  of  computed  static  and 
dynamic  design  loads  for  zones  U,  3,  and  2  on  a  i2-ft-,  and  15-ft- 

dlameter  opening. 


Table  2.6.  Static  and  Dynamic  Design  Loads  for  9-ft-,  12-ft-,  and  1 5- fr  Diameter 
Tunuels  of  .Issumed  Circular  Cross  Section 


Max 

Damage 

Damage  Area, 

sq  ft 

Wt  of  Broken  Rock 

Ib/ft  of  Tunnel 

Tunnel  Diameter,  ft 

Tunnel  Diameter,  ft  * 

' _ 1 

Zone 

Area, 

9 

12 

15 

9 

12 

.15  1 

h 

5 

3.2 

5.7 

8.8 

420 

740 

1,200 

3 

30 

19.0 

34.0 

53.0 

2500 

4,400 

6,900 

2 

80 

51.0 

90.0 

140.0 

6600 

12,000 

18,000 

Ib/ft  of  IVinrsl 
per  Impact  , 

Energy  per  Impact  i 

per  ft  of  ‘I\innel,  ft -lb  | 

Impact 

Tunnel  Dlamet 

or,  fi- 

Tunnel  Diamete 

:,  ft 

Zone 

Factor 

9 

12 

15 

9 

12 

15 

k 

1/2 

21c 

370 

600 

3.3 

5.7 

9.3 

3 

1/5 

500 

38c 

I'tOO 

1700 

3,i00 

4,9a' 

2 

l/lO 

660 

1200 

. 

IflOO 

opoo 

17,000 

25,000 
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2-52 


2-52  NATORE  OF  LItffiR.  The  shape  and  size  of  the  opening  for  functional 
purpobes  and  the  type  of  rock  and  failures  anticipated  will  detemiine  the 
design  features  of  the  Inner  tunnel  structure  or  liner.  Uie  depta  of 
tunnel  from  homh  penetration  viewpoint  determines  the  kind  of  foundation 
that  ’rtil  be  most  suitable.  For  small  cunnels,  the  inner  tuimel  stnicture 
may  be  as  a  ring  or  rigid  frame  of  slrqple  construction  tnat  can  wltnstand 
relatively  heavy  loads.  Unier  certain  conditions  some  kind  of  bracing 
structure  might  be  desirable  from  an  economic  vlawT'-^^t  for  large  openings. 
As  an  example,  If  a  multistory  building  were  to  be  placed  in  a  large  open¬ 
ing,  an  inner  structure  for  protection  might  well  be  a  system  of  rigid 
frames  ox^  the  usual  building  type  designed  to  withstand  the  dynamic  rock 
leads.  Figures  2.21,  2.22,  and  2.23  are  typical  simple  unsealed  designs 
consistent  with  the  design  principles  of  this  manual  and  ere  presented  tc 
indicate  some  of  the  posalbilltles  of  interior  and  exterior  shapes.  The 
designer  should  vary  the  shape  to  provide  economical  driving  of  the  tunnel 
as  well  as  to  meet  the  functional  purpose  of  the  tunnel  for  safety  and 
efficient  use. 

2-53  POUNDATIOWS.  The  inner  tunnel  structure  should  be  supported  on  some 
type  of  foundation.  In  most  cases  the  primary  pulse  will  not  strike  the 
foundation  directly;  l.e.,  the  foundation  will  be  on  the  opposite  side  of 
the  tunnel  from  the  explosion.  In  any  event,  efforts  should  be  made  to 
Isolate  the  pulse  generated  iu  the  rook  by  the  explosion  firan  any  Inner 
tunnel  structure.  'Riis  can  be  done  by  preparing  a  layer  of  coarse  crushed 
stone  between  footings  and  solid  rock.  'Rie  height  to  which  +he  foundations 
can  conveniently  extend  around  the  periphery  without  belug  in  line  with  t'ne 
explosion  depends  on  the  possible  penetration  depths  that  might  take  '.ace. 
Under  certain  conditions,  such  as  in  a  mountain  side,  an  explosion  could 
occur  below  the  flour  level  of  the  tunnel.  Having  the  foundation  Isolated 
from  direct  strikes  of  the  explosive  pulse  may  not  always  be  possible. 
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